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Abstract

Mild traumatic brain injury (mTBI) accounts for more than 1 million emergency visits each year. Most of the injured stay
in the emergency department for a few hours and are discharged home without a specific follow-up plan because of their
negative clinical structural imaging. Advanced magnetic resonance imaging (MRI), particularly functional MRI (fMRI),
has been reported as being sensitive to functional disturbances after brain injury. In this study, a cohort of 12 patients with
mTBI were prospectively recruited from the emergency department of our local Level-1 trauma center for an advanced
MRI scan at the acute stage. Sixteen age- and sex-matched controls were also recruited for comparison. Both group-based
and individual-based independent component analysis of resting-state fMRI (rsfMRI) demonstrated reduced functional
connectivity in both posterior cingulate cortex (PCC) and precuneus regions in comparison with controls, which is part of
the default mode network (DMN). Further seed-based analysis confirmed reduced functional connectivity in these two
regions and also demonstrated increased connectivity between these regions and other regions of the brain in mTBI. Seed-
based analysis using the thalamus, hippocampus, and amygdala regions further demonstrated increased functional con-
nectivity between these regions and other regions of the brain, particularly in the frontal lobe, in mTBI. Our data
demonstrate alterations of multiple brain networks at the resting state, particularly increased functional connectivity in the
frontal lobe, in response to brain concussion at the acute stage. Resting-state functional connectivity of the DMN could
serve as a potential biomarker for improved detection of mTBI in the acute setting.
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Introduction

RAUMATIC BRAIN INJURY (TBI) is a significant public health

burden in the United States and worldwide."> Most patients
with mTBI experience an injury of mild severity, often referred to
as mild TBI (mTBI),3 accounting for more than 1 million emer-
gency department (ED) visits annually in the United States.* Most
patients with mTBI usually stay in the EDs only for a few hours and
then are discharged home without specific follow-up instructions,
which is surprising given that a number of patients with mTBI
experience acute and protracted neurocognitive symptoms. Further,
even a mild injury can have a substantial impact on their quality of
life and society.>>*® Such rapid ED discharge is based on negative
CT findings for most patients with mTBI.

The acute setting is a golden window of opportunity for im-
pacting current treatment of patients with mTBL” A constant
challenge for emergency physicians is to detect neural abnormali-
ties in patients with mTBI that may impact patients’ protracted
recovery or prolonged neurocognitive symptoms,’ which may hold
the best opportunity to improve the proactive treatment of patients
with mTBL

Advanced magnetic resonance imaging (MRI) holds great po-
tential for mTBI injury detection and outcome prediction.®® Ex-
amples include diffusion tensor imaging (DTI), %' susceptibility
weighted imaging (SWI),>°? perfusion imaging, and MR spec-
troscopy, among others.®® Clinical and neurocognitive features of
patients with mTBI include attention and memory deficits among a
constellation of other physical and emotional symptoms. Given the
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fact that most patients with mTBI have no obvious damage on
structural MRI, functional MRI (fMRI) may be a viable alternative
for detecting injury-related abnormalities.*>2%

Resting-state fMRI (rsfMRI), which reflects brain activity at rest
while not performing any specific task, could reveal possible dis-
ruption in cognitive function from mild TBL>"*® rsfMRI has the
advantage of detecting abnormalities in functional connectivity
(FC) even in the presence of unremarkable structural imaging re-
sults. Numerous studies have reported disruptions of the resting-
state networks (RSNs) and the brain’s intrinsic low FC in various
disorders, such as Alzheimer disease (AD), schizophrenia, atten-
tion deficit hyperactivity disorder (ADHD), and mTBIL.?"~!

Among all brain networks at the resting state, the Default
Mode Network (DMN) is the most widely studied network in
mTBI.>"?#3%3 The DMN is assumed to control passive mental
activities while persons are awake and alert but do not specifically
perform any goal-directed task.>* The posterior cingulate cortex
(PCC) and the medial prefrontal cortex (MPFC) are two important
components of the DMN. The PCC and MPFC are associated with
self-referential and emotional processing, as well as semantic
processing,®> and their activity is attenuated when attention to a
goal-directed task increases.*® The reported important role of the
DMN in several cognitive functions and its disruption in several
neurocognitive disorders both highlight the importance of the
connections of the DMN and possible alterations in its activity as a
possible diagnostic marker of injury-related neural damage.

In terms of analysis of rsfMRI data, seed-based region of interest
(ROI) analysis, also called seed-based analysis (SBA), is widely
used. Mayer and associates®’ studied patients with mTBI at the
subacute stage (within 2 weeks after injury) by choosing the rostral
anterior cingulate gyrus as the seed region and demonstrated a
reduction in connectivity within the DMN for patients with mTBI
and an increase in connectivity within a task-related network
(TRN) relative to matched controls. Similarly, Johnson and col-
leagues®® scanned sports athletes with mTBI at the subacute phase
(10£2 days). By using both voxel-based and ROI-based analysis,
they focused on DMN regions such as the PCC, MPFC, lateral
parietal lobes, and the parahippocampal gyrus. They indicated that
both the number and strength of connections decreased in the PCC
and the lateral parietal cortices but increased in the MPFC.

For ICA analysis, Stevens and coworkers>> explored different
independent components analysis (ICA) components to find alter-
ations between healthy subjects and patients with mTBI who un-
derwent scanning 61 days after injury. They found diminished FC
in the patient group in the DMN and many other networks, such as
the primary visual processing circuit, the motor system, the left-
lateralized frontoparietal circuit, the dorsomedial circuit, the
frontoparietal executive system, and the frontostriatal network.
They also found that the precuneus has greater connectivity with
the DMN, while the connectivity between the cingulate and this
network decreases.

Tang and colleagues®’ explored alterations in thalamus con-
nectivity for patients with mTBI with a 22-day mean interval after
injury. The thalamus contributes to communication between vari-
ous cortical regions of the brain. In the seed-based method, the
patients with mTBI demonstrated more widely distributed FC be-
tween thalamic and cortical regions. The ICA analysis indicated an
increase in thalamocortical functional connectivity at the posterior
cingulate and frontal regions in patients compared with healthy
control subjects. They suggested an up-regulation of thalamocor-
tical FC in response to disruption of thalamic RSNs in patients
with mTBL>
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To date, most studies were conducted during the subacute or
chronic stage, given that patients with mTBI were imaged between
10 and 60.9 days after injury or even longer. Few studies have
investigated the alterations of RSN in mTBI at the acute stage,
which is within 24 h post-injury or sooner. This time frame corre-
sponds to the maximum amount of time that patients with mTBI
typically stay within EDs, and rapid treatment of patients within
this time frame can have a direct impact on their acute care.”

In addition, it is at the acute stage that most patients with mTBI
report post-concussion symptoms (PCS) and neurocognitive
problems. Although approximately 50% of patients’ clinical and
neurocognitive symptoms resolve during the subacute stage and
most patients’ symptoms have resolved by the chronic stage,38
some patients with mTBI experience protracted symptoms. De-
tection of the neural basis of brain injury at the acute stage will be
most likely to shed light on the link between early functional ab-
normalities and the possibility of protracted symptoms.

In addition to alterations in the DMN and thalamus connectivity,
memory problems are one of the most prevalent neurocognitive
symptoms experienced at the acute stage, in suggestion of likely
disruption of the hippocampal functional networks.*® In addition,
emotional and behavioral symptoms in mTBI also suggest in-
volvement of the limbic network, involving the amygdala. Along
with the fusiform gyrus, the hippocampus is vulnerable because of
its position within the middle cranial fossa and petrous bone, a
region likely to directly sustain deformation injury, which in turn
could affect connectivity. This also explains the functional network
alterations seen when using the parahippocampal gyrus as a seed
region as reported by Johnson and coworkers.?®

In addition, the trauma incident is also an emotional event, as well
as causing physical or physiological disruptions of the brain. Emo-
tional disturbances such as anxiety and depression immediately after
mTBI in the acute setting also suggest that the amygdala may play a
role as well. Because of the location of the sphenoid bone in con-
junction with the tentorium cerebelli, the amygdala is highly likely to
be injured at all levels of injury severity, including mild.

In this prospective study, we have investigated RSN in patients
with mTBI and have assessed their clinical and neurocognitive
symptoms within 24 h while they are still either at the ED or in the
hospital. We used both ICA and ROI analyses by looking at both the
DMN and thalamic regions as well as the hippocampus and amyg-
dala to determine group differences between patients and controls.
Our objective is to identify a possible neural basis of acute clinical
and cognitive symptoms in mTBI by using rstMRI. We hypothesized
that the brain may demonstrate altered functional connectivity in the
DMN and networks involving the thalamus, hippocampus, and
amygdala in response to brain injury at the acute stage.

Methods
Subject recruitment

This study was approved by both the Human Investigation
Committee of Wayne State University and the Institutional Review
Board of Detroit Medical Center. Written informed consent was
obtained from each subject before enrollment. All subjects were at
least 18 years old and able to speak English. All patients with mTBI
were recruited from the ED of Detroit Receiving Hospital (DRH),
which is a Level-I trauma center. Patient eligibility was based on
the mTBI definition by the American Congress of Rehabilitation
Medicine.*’

Only patients with a lowest-recorded Glasgow Coma Score
(GCS) of 13-15 were considered. For a GCS of 15, there must be
least one of the following: (a) loss of consciousness less than
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30 min, (b) post-traumatic amnesia less than 24 h, or (c) an alter-
ation in mental status (i.e., disoriented, dazed, or confused). Par-
ticipants, both healthy controls and patients, with a history of a
previous brain injury, neurological, neuropsychological, or psy-
chiatric disorder, or concurrent substance abuse were excluded.
Moreover, MRI exclusion criteria include metal and/or electronic
implants, claustrophobia, pregnant or trying to become pregnant,
and subjects weighing more than 300 pounds (136 kg; machine’s
capacity limit). If the MRI scan could not be performed in the acute
setting in a patient, the patient was brought back for an MRI scan
within a week of injury.

Cognitive assessment

In the acute setting, once a patient was conscious and medically
stable and came out of post-traumatic amnesia, if any, they would
be administered neurocognitive testing and surveyed about their
PCS. A short instrument called the Standardized Assessment of
Concussion (SAC)*! was used as a brief assessment of neurocog-
nitive function. The SAC was originally developed for field as-
sessment of neurocognitive status after a sports concussion.** It has
been reported that the SAC is sensitive to the acute changes after
concussion and requires limited training to administer.*”

The SAC is scored 0 to 30 and assesses four cognitive domains
including orientation, attention, immediate memory, and delayed
recall. The SAC has demonstrated sensitivity to brain injury in the
acute setting, particularly in delayed recall.** The Emergency
Room Edition of the SAC also includes a PCS questionnaire where
symptoms were graded from O to 3 (i.e., none, mild, moderate,
severe). The PCS score was the sum of symptom scores for the
questionnaire.

Image acquisition

MRI data were collected on a 3-Tesla Siemens Verio scanner
with a 32-channel radiofrequency head-only coil. A subject’s head
was fixed by foam pads to restrict motion. Resting state functional
imaging was performed using a gradient echo echo-planar imaging
sequence with the following imaging parameters: repetition time
(TR)=2000msec, echo time (TE)=30msec, slice thickness=
3.5mm, slice gap=0.595 mm, flip angle=90 degrees, pixel size=
3.125 mm in-plane, matrix size =64 x 64, 240 volumes for whole-
brain coverage, one average, acquisition time of 8 min. During
resting-state scans, subjects were instructed to keep their eyes
closed and to stay awake. In addition, structural high-resolution T1-
weighted imaging was also performed by using the MPRAGE

sequence with TR =1950 ms, TE =2.26 ms, slice thickness = 1 mm,
flip angle=9 degrees, field of view =256 X256 mm, matrix size=
256 x 256, and voxel size=1 mm isotropic.

Image processing

Figure 1 demonstrates a pipeline of the comprehensive image
processing. We used both ICA and SBA to analyze the resting state
fMRI (rsfMRI). ICA was performed at both group and individual
levels. Group ICA was performed first in both patient and control
groups and then with cross-validation in subgroups. Individual ICA
was performed by using two reported methods, ‘“dual regres-
sion”*** and “‘back-projection,”**** and our new atlas-based
ICA method to overcome the confounding factors of these two
methods. ICA analysis was mainly performed in DMN and the
basal ganglia network (BGN). Because the thalamus belongs to
BGN, which is an independent network in ICA analysis in pub-
lished data,45 we investigated BGN to assess the thalamus in the
ICA analysis.

After ICA analysis, SBA was also performed by calculating the
Pearson correlation value between major network regions and the
whole brain, and the correlation maps were used to compare
healthy controls and patients. The network regions were selected
for DMN, BGN, am;;gdala and hippocampus regions based on
previous studies.?”*%>7 Specifically, the PCC, precuneus, angular,
anterior prefrontal cortex (Brodmann area [BA] 10), and orbito-
frontal cortex (BA 11) were selected for the DMN; and the puta-
men, pallidum, thalamus, and caudate were selected for the BGN.
Below is a description of major steps.

Preprocessing. Preprocessing was performed using the FSL
software (http://www.fmrib.ox.ac.uk/fsl/). First, the first five vol-
umes were discarded to reach magnetization equilibrium. A high-
pass temporal filtering (100 sec), motion correction, slice timing,
brain extraction, and spatial smoothing (full width at half maxi-
mum=6mm) were applied. Grand mean scaling was also applied
to the entire 4-dimensional data for each subject. The data were
registered to the Montreal Neurological Institute standard space
using nonlinear registration with 10 mm warp resolution and re-
sampled to 3 mm isotropic voxel size. Variance normalization was
used to rescale each time series. No intensity normalization was
performed to prevent false anticorrelation. In addition, for SBA, the
white matter (WM) and cerebrospinal fluid (CSF) signal were re-
gressed out using the DPARSF toolbox (http://www.restfmri.net/
forum/DPARSF).
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FIG. 1.

Image processing pipeline. fMRI, functional magnetic resonance imaging; TBI, traumatic brain injury; ICA, independent

component analysis; SBA, seed-based analysis; ROI, region of interest.
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Group ICA (GICA) analysis. ICA was performed using the
GIFT software package from MIALAB (http://mialab.mrn.org/
software/gift/) and the MELODIC package, which is included in
FSL (http://www.fmrib.ox.ac.uk/fsl/melodic). We chose 52 com-
ponents for our analysis and applied an automated two-step ap-
proach for network selection to eliminate human errors (see
Supplement 1 for further explanations; see online supplementary
material at ftp.liebertpub.com). Briefly, the DMN and BGN were
determined by using the spatial correlation similarity metric (Eq. 1)
between ICA components and a template of the desired RSNs. The
template includes 75 components built by Allen and coworkers™®
based on 603 subjects that contains 28 RSNs (see Supplement 1
for further explanations; see online supplementary material at ftp
Jliebertpub.com).
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Where i is the number of voxels, X is a desired RSN, and Y is a
component obtained from ICA.

The GICA was performed on the healthy control and patient
groups. The group difference was measured between patients and
controls in major network regions of both the DMN and BGN. The
reliability and reproducibility of the results were measured by using
a cross-validation method. Specifically, for each group (patient or
healthy control), seven subgroups were randomly chosen with six
subjects in each subgroup. GICA was performed for each subgroup,
and the number of voxels in each network region associated with
the related network and the voxel dependency were measured.
Voxel dependency is a voxel’s value of RSN map (the result of
ICA) indicating its likelihood of belonging to the network—in
other words, the extent to which a voxel belongs to the network.

Eq. 1

Individual ICA. Individual ICA was performed using two re-
ported methods—i.e., dual regression*>** and back-projection,****
as well as a new atlas-based ICA approach to evaluate the alter-
ations in patients with mTBI. The common space in both ICA
methods was created by using the whole dataset of this study, be-
cause extracting the independent components of each group sepa-
rately may overestimate the difference between groups. Given the
relative small sample size in this study, however, the common
space may still be different from that of the normal population. To
overcome the potential confounding factor, we proposed an atlas-
based ICA method.

Proposed atlas-based ICA. In the atlas-based ICA, inde-
pendent components extracted from 603 subjects* were used as the
common space, and a ‘“‘spatially constrained ICA” method*® was
used to extract the individual components corresponding to the
common space components.

Because the common space in the dual regression and back-
projection methods is created by using the whole dataset of a par-
ticular study, the common spaces are different when the datasets of
studies differ from each other. Consequently, RSNs of an indi-
vidual could be changed depending on the group to which the
individual belongs. On the other hand, in the temporal concatena-
tion group ICA, we assume that there is a common space among all
individuals; therefore, using the data of a study to find the common
space is not ideal, especially when the number of samples is small,
as in our study. Therefore, a template or atlas that indicates the
common space of a big population is needed.

In the atlas-based ICA, unlike the dual regression and back-
projection, instead of using the independent components of GICA
of our dataset as a common space for individual ICA, the inde-
pendent components from a large group of healthy subjects are
considered as a true common space. In this case, (1) the RSNs
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extracted from an individual’s rsfMRI data are more reliable be-
cause independent components were extracted from an atlas that is
based on a large population instead of a small group of subjects; (2)
independent components and subsequent analysis and results
among various studies with different data sets only depend on in-
dividual differences rather than the whole data set in an study,
because the common space is the same among all of this study. In
other words, the difference between various subjects is only the
result of the intrinsic variability between each pair of them.

Note that because this method uses atlas components to extract
the individual components in individual subjects, it automatically
solves the problem of finding corresponding RSNs across subjects.
As previously explained, this method only requires the individual
subject’s data instead of a whole set of subjects’ data, which makes
it more applicable for clinical use.

SBA. SBA was performed using within-group and between-
group analyses. A Pearson correlation coefficient was determined
between the average of all voxels in a network region and all brain
voxels to create a correlation map for each region.”’ The correlation
maps were corrected by using the Fisher z-transformation to cal-
culate a FC map and FC comparisons. The FC map was calculated
by applying a one-sample ¢ test on corrected correlation maps. In
FC comparisons, a correlation mask was first applied to select
voxels that are eligible for statistical analysis (see Supplement 1 for
details regarding SBA; see online supplementary material at
ftp.liebertpub.com). Then, statistical analysis was performed using
two-sample ¢ tests on corrected correlation maps that were further
corrected by spatial thresholding to reduce the false positives and
increase reliability.

Statistical analysis

Statistical analysis was performed using MATLAB software
(http://www.mathworks.com/). Data normality was assessed by
using the Kolmogorov—Smirnov test. Results for continuous vari-
ables are presented as mean (standard deviation [SD]) or median
(interquartile range) as appropriate. Frequencies and percentages
are presented for categorical variables. Unless specifically stated
otherwise, a p value <0.05 was considered significant. For ICA, a
two-sample ¢ test was performed to compare RSNs between two
groups when appropriate. For SBA, the correlation value was
converted using the Fisher z-transformation to maintain the sta-
tistical analysis eligibility (see Supplement 1 for details; see online
supplementary material at ftp.liebertpub.com).

A two-sample ¢ test was performed for FC comparisons, and a
one-sample ¢ test was performed to determine the FC map for each
network region. Statistical maps for both ICA and SBA were cor-
rected with spatial (cluster) thresholding with the MonteCarlo
simulation using Alphasim contained within resting-state fMRI
software (http://www.restfmri.net/) to decrease false-positive error.
In other words, to correct type I error without increasing the risk of
type II error, dual thresholding (based on p value and cluster size)
was performed to give a high reliability for statistical results.

Moreover, to increase the reliability of the between-group com-
parison, the healthy subjects were randomly divided into two groups,
and a within-group analysis was performed by using the two-sample
t test. The results were compared with the between-group analysis to
improve reliability that the difference, which appears in between-
group analysis, is generated from the group difference. Finally, the
relationship between imaging analyses and the neurocognitive
measurements, including SAC scores and scores of each SAC sub-
category, were evaluated with bivariate correlations.

Results

Demographic and clinical characteristics are presented in Table
1. In the patient group (n=12), 6 (50%) were men and 6 (50%)
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TABLE 1. INDIVIDUAL DEMOGRAPHIC AND CLINICAL DATA OF THE 12 PATIENTS ENROLLED IN THE STUDY

Group Subject ID Age/sex Race Mechanism of injury ~ MRI findings Scan time delay
Patients PT-001 56/M Indian MVC WMHI, IVH 26h
PT-002 35/M Black Fall Negative 36h
PT-003 54/F Black MVC Negative 5h
PT-004 31/F Black MVC Negative 12h
PT-005 30/M White Sport Negative 7 days
PT-006 36/F Black MVC Negative 9h
PT-007 19/M Black MVC WMHI 3h
PT-008 30/F Asian MYV vs. Ped. Negative 8h
PT-009 51/M Black Assault WMHI 13h
PT-010* 23/M Black MVC Negative 9h
PT-011* 21/F White MVC Negative 48h
PT-012% 73/F Black Fall WMHI 6h
Summary 38+ 17 (MeantSD) 13 h (Median)
6/6 (F/M) 3h-7 days (Range)
Healthy controls CTRL-001 52/F White N/A Negative N/A
CTRL-002 44/M White N/A WMHI N/A
CTRL-003 41/M White N/A Negative N/A
CTRL-004 28/F White N/A Negative N/A
CTRL-005* 27/F White N/A Negative N/A
CTRL-006 29/M Middle East N/A Negative N/A
CTRL-007 33/ M White N/A Negative N/A
CTRL-008 24/F Asian N/A Negative N/A
CTRL-009 23/M Indian N/A Negative N/A
CTRL-010 45/M White N/A Negative N/A
CTRL-011 22/M White N/A Negative N/A
CTRL-012 27/M Asian N/A Negative N/A
CTRL-013 23/F Asian N/A Negative N/A
CTRL-014 22/F Asian N/A Negative N/A
CTRL-015 65/F Asian N/A Negative N/A
CTRL-016 23/M White N/A Negative N/A
Summary 33+13 (MeanxSD)
7/9 (F/M)

MRI, magnetic resonance imaging; MVC, motor vehicle collision; WMHI, white matter hyperintensity; IVH, intraventricular hemorrhage; SD,

standard deviation.
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women. Their age was 38+ 17 (mean * standard deviation) years,
and GCS scores were all 15 on admission to the ED. Mechanisms of
injury included: seven motor vehicle accidents, two falls, one pe-
destrian struck by a car, one assault, and one sports concussion. All
patients had negative CT findings that were diagnosed in the
emergency setting. Four patients had ‘“‘nonspecific WM hyper-
intensities”” on FLAIR images, and one had a tiny intraventricular
hemorrhage.

For the healthy controls (n=16), 9 (56%) were men and 7 (44%)
women, and the mean healthy subject age was 33+ 13 years. There
was no significant age or sex difference between patients with mTBI
and healthy controls. Patients with mTBI underwent scanning in the
acute setting (median of 13 h post-injury, range 5 h to 7 days). Except
for the one patient who underwent scanning 7 days after injury, the
rest underwent scanning within 48 h after injury. Three patients and
one control subject were later eliminated from the study because of
strong motion artifacts in the images, with a total of 9 patients and 15
healthy controls included in the final analysis.

Neurocognitive performance

The mean patient SAC score was 24.5+2.3 (meantSD). We
compared this mean with published normative data of more than 568
subjects*’ (mean+SD, 26.3+2.2). The patients’ mean SAC score
was significantly below this published mean score (t(12)= —2.96,
p=0.015). Among all subcategories of the SAC test, including
orientation, immediate memory, concentration, and delayed recall,
only delayed recall was significantly lower than published nor-
malized data (t(12) = —2.90, p=0.016).

ICA results

GICA. Figure 2 shows a significant decrease in number of
associated voxels in the PCC and precuneus regions of the DMN in
patients with mTBI compared with controls. Figure 3 further shows
significantly decreased dependency of associated voxels in the
same regions in patients with mTBI compared with controls. Table
2 further demonstrates results of the voxel-wise two-sample t-test
on cross-validation GICA analysis (p <0.01), showing group dif-
ferences in the precuneus and PCC. The result shows a substantial
reduction of voxel dependency to DMN for the precuneus and PCC,

by 31.19% and 42.28%, respectively. The overall reduction for
DMN is 10.51%.

By applying a two-sample ¢ test with a more conservative p value
of 0.001, cross-validation GICA results identified a cluster of 50
voxels in the PCC and a cluster of 442 voxels in the precuneus that
have significantly lower voxel dependency to the DMN in patients
compared with healthy control subjects (Fig. 4).

To sum up, our comprehensive GICA analysis demonstrates a
consistent difference in PCC and precuneus between groups, sug-
gesting that resting-state connectivity in these regions could dis-
criminate between patients and healthy controls.

For the BGN, the cross-validation GICA did not reveal any
changes in either voxel dependency or the number of voxels in the
BGN.

TABLE 2. RESULTS OF VOXEL-WISE TWO-SAMPLE T TEST
ON CROSS-VALIDATION OF GROUP INDEPENDENT
COMPONENT ANALYSIS

Number of
voxels with
Number of  group
voxels in  difference %
Network Region the region (p<0.01) Difference
DMN  Posterior cingulate 246 104 42.28%
cortex (PCC)
Precuneus 2026 632 31.19%
Angular 885 0 0%
Anterior prefrontal 1397 0 0%
cortex (BA 10)
Orbitofrontal 2447 0 0%
cortex (BA 11)
Overall 7001 736 10.51%
BGN Thalamus 615 0 0%
Putamen 606 0 0%
Pallidum 176 0 0%
Caudate 581 0 0%
Overall 1978 0 0%

DMN, default mode network; BGN, basal ganglia network.
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FIG.4. Two-sample ¢ test using a p value of 0.001 on the default
mode network (DMN) extracted from the cross-validation of
group independent component analysis. Results identified a clus-
ter of 50 voxels in the posterior cingulate cortex (green arrow) and
a cluster of 442 voxels in the precuneus (blue arrow) that have
significantly lower voxel dependency to the DMN in patients
compared with healthy control subjects. Color image is available
online at www.liebertpub.com/neu

Individual ICA. Individual ICA was performed to investigate
alterations of the DMN and BGN in patients compared with healthy
controls. Dual regression, back-projection, and the atlas-based
spatially constrained ICA have all been applied. Neither dual re-
gression nor back-projection was able to discriminate between the
two groups in individual analysis. The atlas-based spatially con-
strained ICA method, however, demonstrated an intriguing result.

Consistent with GICA results, a two-sample 7 test on the DMNs
extracted from the atlas-based ICA method revealed a significant
difference between the two groups in the PCC and surrounding
areas including the precuneus. For a p value =0.05, the two-sample
t test map, which was corrected using the spatial threshold, mani-
fested a cluster of 137 voxels with reduced voxel dependency to the
DMN in the patient group compared with controls. This includes 55
voxels in the PCC (Fig. 5). This suggests reduced connectivity
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within the DMN, which is consistent with our GICA results. The
ICA results are also consistent with results of Stevens and associ-
ates,>? as discussed above.

SBA

The within-group analysis on healthy controls did not reveal any
significant difference; however, the between-group analysis using
the same parameters as that of the within-group analysis demon-
strated several alterations in patients compared with healthy con-
trols, including in connectivity maps generated by using the PCC,
thalamus, amygdala, and hippocampus as seed regions.

PCC connectivity map. Table 3 demonstrates the one-sam-
ple ¢ test of the FC map generated using the PCC as a seed region. It
shows (a) stronger FC between the PCC and the precuneus in the
healthy control group than that in patients, which suggests reduced
connectivity within the DMN in consistency with the results of
ICA; and (b) larger and more distributed FC in different regions of
the brain in patients than in the healthy control group (also see
supplementary Fig. S1; see online supplementary material at
ftp.liebertpub.com). Specifically, patients showed stronger FC be-
tween the PCC and the frontal lobe regions than controls (see Table
3 and supplementary Fig. S1; see online supplementary material at
ftp.liebertpub.com). For example, the FC map of patients with
mTBI using p=0.01 contains clusters with 108 voxels in the dor-
solateral prefrontal cortex (BA 9) and 77 voxels in the anterior
cingulate cortex (BA 32), while the FC map of the healthy control
group does not include any voxels in these two regions. Moreover,
the FC map of patients with mTBI contains 262 voxels in the
anterior prefrontal cortex (BA 10), compared with the FC map of
the healthy control group that has only 59 voxels. (see Table 3 and
supplementary Fig. S1; see online supplementary material at
ftp.liebertpub.com).

Figure 6 demonstrates further two-sample ¢ tests of FC com-
parison for the PCC map (i.e., using the PCC as a seed region)
between patients and controls. It shows significantly higher FC
between the PCC and several regions of the frontal lobe in patients
compared with controls, including the dorsolateral prefrontal cor-
tex (BA 9) and adjoining voxels in BA 8 and the anterior cingulate
cortex (BA 32) (Fig. 6). For p value <0.01, the two-sample ¢ test
map showed two clusters of 117 and 223 voxels, in the dorsolateral
prefrontal cortex (BA 9) with higher FC in patients than in controls.
These clusters include 77 and 87 voxels, respectively. Along with a
cluster containing 44 voxels in the dorsal anterior cingulate cortex
(BA 32), these show the susceptibility of these regions to alterations

FIG.5. Two-sample 7 test results demonstrate a difference in the default mode network (DMN) between the two groups in individual
independent component analysis. Highlighted area shows the cluster is statistically significant (p <0.05), which includes 55 voxels in
the posterior cingulate cortex. The warm color labels the voxels with reduced DMN dependency in patients compared with healthy
controls. Color image is available online at www.liebertpub.com/neu
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TABLE 3. ONE-SAMPLE T TEST OF THE UNCTIONAL CONNECTIVITY MAP GENERATED USING
THE POSTERIOR CINGULATE CORTEX AS A SEED REGION

Number of voxels with p value=0.01 Number of voxels with p value =0.001
Regions Control group Patient group Healthy group Patient group
Dorsolateral prefrontal cortex (BA 9) 0 108 0 0
Anterior prefrontal cortex (BA 10) 59 262 0 66
Anterior cingulate cortex (BA 32) 0 77 0 15
Cingulate posterior cortex 178 169 172 152
Precuneus 440 296 342 192

in patients with mTBI. Of particular note, these regions do not
belong to the DMN.

Precuneus connectivity map. Using the precuneus as a seed
region, the between-group analysis (two-sample ¢ test) for p <0.05
shows stronger FC between the precuneus and two clusters in pa-
tients compared with healthy controls. The first cluster is in the
supramarginal gyrus (BA 40) with 82 voxels; the other cluster has
85 voxels, which includes the BA 8 and the anterior cingulate
cortex (BA 32) (Fig. 7). Using a cutoff of p <0.01 did not reveal any
significant difference.

Thalamus connectivity map. A between-group comparison
(two-sample ¢ test) was performed using the thalamus as a seed
region. For p <0.01, the patient group showed significantly higher
FC with the thalamus than controls in several regions, including the
anterior prefrontal cortex (BA 10) in two clusters of 83 and 123
voxels (Fig. 8a) and a cluster of 96 voxels in the supramarginal
gyrus (BA 40) (Fig. 8b). This indicates an increased FC of the
thalamus network with other regions of the brain.

Amygdala connectivity map. By using the amygdala as a
seed region, a between-group comparison (p <0.01) demonstrates

significantly increased FC with the left parietal superior cortex in
the patient group (cluster size = 104) than the control group (Fig. 9).
On the other hand, a one-sample ¢ test shows that the healthy
controls have higher connectivity within the amygdala. For
p<0.01, the FC map of the healthy controls group includes 73 and
67 voxels, while for the patient group, these numbers decrease to 39
and 22 (Fig. 10).

Hippocampal connectivity map. A between-group analysis
for the FC map with the hippocampus as the seed region demon-
strates significant alteration in the FC of patients with mTBI. For
p<0.01, three clusters (cluster sizes of 135, 61, and 52 voxels) are
significantly different between the two groups. Figure 11 demon-
strates increased FC in the fusiform gyrus and the precuneus (BA 7)
and decreased FC in the inferior frontal gyrus in the patient group
compared with controls (Fig. 11).

Relationship between FC and neurocognitive data. No
significant correlation was found between the neurocognitive tests
(SAC scores) and FC data. The largest Pearson correlation value
(0.42) was found in the SBA for the PCC between the mean of the
correlation value with the dorsal anterior cingulate and the delayed
recall test, but it did not reach statistical significance.

FIG. 6. Two-sample 7 test (p=0.01) for the posterior cingulate cortex functional connectivity (FC) map. The cold color labels the
region that has more correlation with the posterior cingulate in the patient group than in the controls. The cross bar is located in different
positions in the same FC map in images a and b. These regions do not belong to the default mode network. Color image is available

online at www liebertpub.com/neu
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FIG. 7. Two-sample ¢ test (p<0.05) of the precuneus functional connectivity map. The between group comparison using the
precuneus as seed revealed differences in the supramarginal gyrus (red arrow) and the junction between Brodmann area (BA) 8 and the
anterior cingulate cortex (BA 32) (green arrow). The cold color labels the regions that have more correlation with the precuneus in the
patient group than in controls. Color image is available online at www.liebertpub.com/neu

Discussion

To our knowledge, this is the first investigation of resting-state
functional networks in mTBI at the acute stage. Except for one
patient who came back for an MRI scan at 7 days after injury, all
patients were either still at the ED or in the hospital under obser-
vation at the time of scanning. MRI at this point might be the most
clinically relevant. Except for one patient with one tiny intraven-
tricular microhemorrhage seen on SWI but not on conventional
structural imaging, anatomical imaging did not detect any obvious
trauma-induced structural abnormalities in other patients. Both the
ICA and SBA, however, revealed differences of brain communi-
cation across different brain regions between patients with mTBI
and controls in the acute stage. Specifically, a comprehensive
analysis showed reduced FC within the DMN and increased func-
tional connectivity with extra-DMN regions in patients with mTBI.
By using the thalamus, amygdala, and hippocampus as network
regions, analyses revealed increased FC with other brain regions.

Overall, our data suggest increased involvement of frontal regions
after injury at the acute stage. This result confirmed our original
hypothesis on altered FC in these functional networks. Further, our
results also showed that independent component and seed-based
analyses complement each other.

ICA vs. SBA

Both ICA and SBA are widely used methods in resting-state fMRI
analysis. Instead of using one, we performed both in a comprehen-
sive analysis of the DMN and the thalamus network at the resting
state. Both our group and individual ICA analyses demonstrated
reduced connectivity in the PCC and precuneus regions. This was
further validated by our SBA results. It demonstrates that the PCC
and precuneus connectivity changes in the DMN might be the most
well-validated functional biomarkers of brain injury. Meanwhile,
because of functional network remodeling in pathological condi-
tions, analysis of the stereotyped networks in the ICA may not be

FIG. 8. Two-sample ¢ test (p <0.01) of thalamus functional connectivity map. The seed is located in the thalamus and the cold color
shows the regions that have higher correlation with seed point in the patient group compared with the healthy control group. (a) Shows a
statistical difference between two groups at the anterior prefrontal cortex (Brodmann area [BA] 10) (green arrow) and (b) shows the
difference in the supramarginal gyrus (BA 40) (red arrow). Color image is available online at www liebertpub.com/neu
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FIG. 9. Two-sample ¢ test (p<0.01) for the amygdala correlation map. The cold color labels the region (the left parietal superior
cortex) that has stronger correlation with the amygdala (red arrow) in the patient group than in controls. Color image is available online

at www.liebertpub.com/neu

able to capture the dynamics of network alterations in mTBI. Instead,
SBA demonstrated increased FC in major regions of the DMN,
thalamus, amygdala, and hippocampus with other networks of the
brain, and this finding further complements the ICA results.

DMN

Our data showed decreased strength of connections and number
of voxels involved within the DMN and increased connectivity
between the DMN and other brain regions. This result is, in large
part, consistent with studies of mTBI at the subacute and chronic
stages.?”?832 Mayer and associates>’ attributed this abnormality to
the partial disruption of the putative balance between the DMN and
task-related networks after mTBI, and Stevens and colleagues™>
interpreted this abnormality as a compensatory process of the brain.
Palacios and coworkers®® also attribute this to a compensatory
process after microstructural damage to the brain, as detected by
DTI. In addition, by considering the hyperconnectivity in thala-
mocortical network, hippocampal network, and amygdala network,

Healthy Controls

Patients

our data also support the hypothesis by Stevens and colleagues™>
that multiple RSNs could have functional abnormalities after
mTBI. The brain tends to respond to head injury by recruiting a
cohort of networks in a global manner instead of just one or two
networks, disrupting the putative balance between resting-state and
task-related networks.

The PCC is an important part of the DMN and is also a central hub
of the brain.** SBA has already reported various connections be-
tween the PCC and frontal regions, including the anterior cingulate
cortex, orbital frontal cortex, and dorsolateral prefrontal cortex,
which are involved in frontal and frontopartial networks.**™>"
Increases in the connectivity between the PCC and these regions
were already observed during emotional, memory, and attentional
processing.”>>* A series of cognitive and emotional symptoms have
been reported by patients with mTBI in the literature, including
anxiety, stress, fear, depression, memory deficits, deficits in problem
solving, and difficulty with attention and concentration.”* Because
the PCC receives strong afferent input from regions with functions
related to emotional tasks, working memory, and attention including

FIG. 10. One-sample ¢ test of the amygdala map (p <0.01). (a) the functional connectivity (FC) map for the healthy control group and
(b) the FC map of the patient group. The higher signal intensity on (a) shows higher intrinsic FC in the amygdala in the healthy group
than that in patients. Color image is available online at www.liebertpub.com/neu
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FIG. 11.

Two-sample ¢ test (p<0.01) for the hippocampus functional connectivity (FC) map. The cold color labels the regions with

more correlation with the hippocampus in the patient group compared with controls while the warm color labels the region with more
correlation in the controls than in the patient group. The FC map was sectioned through (a) the precuneus association cortex (BA 7), red
arrow; (b) the inferior frontal gyrus, green arrow; and (c¢) the fusiform gyrus, purple arrow.

the anterior cingulate cortex, orbital frontal cortex, and dorsolateral
prefrontal cortex (areas 9 and 46),°>°>~° the cognitive and emotional
symptoms after injury could be related to changes in brain networks’
activity and connectivity patterns, especially in PCC connectivity.

Our patient group demonstrated significant problems in delayed
recall along with the increased connectivity between the PCC and
these frontal regions. Further, our ICA results demonstrated a de-
crease in PCC activity in patients mostly in its ventral part, which is
considered the predominant pattern of the DMN.*’ Our data are in
line with the reported hypoactivity and hyperfrontality seen in re-
tired National Football League players, as well.®® This suggests
that, right after injury, the PCC might gather information from
different brain network regions as an acute compensatory response
to bring the brain back to normal status.

One discrepancy between our data and previously reported work
is the FC between the PCC and ACC. Previous seed-based studies
of mTBI by Mayer and associates®” and Johnson and coworkers>®
showed reduced FC within the DMN. Both groups showed de-
creases in FC between the PCC and ACC in the subacute stage

while our results showed an increase in temporal correlation be-
tween these two regions in the acute stage. One reason for this could
be the role of these regions in emotional processing and attention, in
association with the temporal resolution. Studies from both groups
were at the subacute stage while our study was in the acute stage.
With the temporal resolution of patients’ PCS, we might see dif-
ferent patterns in the connectivity between the PCC and ACC.

Thalamus FC

The abundance of gamma aminobutyric (GABA)ergic neurons
has been thought to play an inhibitory role in the thalamocortical
network at resting state.®’®> Tang and colleagues®’ reported
hyperconnectivities in the thalamocortical network in patients with
mTBI in suggestion of the disruption of the GABAergic neurons
after head injury. Particularly, they reported that the thalamus
correlation map in the patient group in the subacute stage is more
distributed compared with the healthy control group.*® Their results
show that the healthy subjects’ map included areas of the bilateral
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thalamus, the superior frontal gyrus, the middle frontal gyrus, the
basal ganglia nuclei, the insula, and the cingulate gyrus while pa-
tients with mTBI demonstrated more widely distributed FC that
extended to the bilateral middle temporal gyrus, the middle frontal
gyrus, the precuneus, the inferior parietal gyrus, and the postcentral
gyrus compared with the thalamic RSNs in the healthy control
subjects (p<0.001, corresponding to R >0.25).

Although our results, unlike their results, showed that all of the
active voxels are located in the thalamus for the control group, we
got a similar result regarding more distributed correlation maps for
the patient group compared with the healthy subject group. Their
between-group comparison analysis for p <0.01 shows that regions
of the cingulate gyrus, temporal gyrus, and frontal gyrus show more
correlation with the thalamus in the patient group compared with
the control group. With the same p value, we also find increases in
temporal correlation in the anterior prefrontal cortex and the su-
pramarginal gyrus with the thalamus in patients compared with
controls. In comparison with the data from Tang and associates,”’
our data also demonstrated an up-regulated thalamocortical net-
work as a response to brain injury.

Memory and hippocampal FC

Our data showed memory deficits (in delayed recall) in patients
with mTBI at the acute stage, which is in line with the published
data that delayed recall is a sensitive index of neurocognitive
measures for mTBI at this stage.>® Our imaging data revealed that
the patient group demonstrated decreased intrinsic connectivity in
the inferior frontal gyrus and increased connectivity in the fusiform
gyrus and precuneus (BA 7). The reduced connectivity in the in-
ferior frontal region is similar to data from Johnson and cowork-
ers,”® which also reported reduced connectivity between these
regions. Our findings of increased connectivity in the fusiform
gyrus and precuneus, however, are in contrast with the report of
Johnson and coworkers®® of decreased connections between the
parahippocampal gyrus and the left and right parietal lobes in
comparison with controls.

Of particular note, our data are regarding patients who still have
memory problems while the data of Johnson and associates®® were
collected after resolution of the symptoms. The difference in im-
aging findings between the two groups may represent the temporal
recovery process of memory after mTBI. It also implies that, after
suffering intrinsic connectivity problems of the memory network
after a concussion, the brain is trying to recruit other networks to
compensate.

Amygdala FC

The amygdala is an important structure of the limbic system,
crucial to the processing of emotional fear, sadness, and depression,
among others emotions.®>** Recent evidence suggests cytoarchi-
tectural and functional subspecialization of its substructural nu-
clei.®*~%® Three major groups of subnuclei include the laterobasal,
centromedial, and superfacial groups.®® Bzdok and colleagues®
also reported a relationship between functional subspecialization
and its structural nuclei. Therefore, the conventional view of con-
sidering the amygdala complex as a single entity has been chal-
lenged.®® After TBI, emotional symptoms are commonly reported
as part of PCS constellation. In our study, 4 of 12 patients reported
mild to moderate levels of sadness and depression after injury. The
reduced connectivity inside the amygdala and increased connec-
tivity of the amygdala with the left parietal superior cortex in our
imaging findings might suggest that emotional fear and sadness
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after TBI could mediate the intranetwork connectivity among dif-
ferent subnuclei groups within the amygdala. As a consequence, the
brain tends to recruit other network resources to compensate.

Limitation and future work

Several factors also set the limitation of this study. To draw a
more statistically meaningful conclusion, this work should be
performed in a large cohort with longitudinal follow-up instead of a
handful of patients at one time point. This study demonstrates
functional alteration in several brain networks in patients with
mTBI in comparison with controls. All comparison was performed
at group level instead of single subject level. For individual ICA
analysis, the result still has to be compared at group level before we
gain a better understanding of the variations in normal. Future work
needs to be performed in a large cohort of patients and controls to
identify the structural and functional connectivity damages at the
single subject level. Further, the question of how RSN alterations
affect the patients’ neurocognitive performance as measured by
PCS and a neuropsychological assessment battery still need to be
determined.

Meanwhile, despite the normal findings on structural MRI in
these patients, it does not mean they are normal on advanced MRI,
including DTI. Mounting evidence demonstrates the microstruc-
tural damage in patients with mTBL®7%* Qur pilot data suggest
that, in response to microstructural damage on the cingulate bundle
shown on DTI, other regions of the brain tend to have higher FC
with the anterior cingulate cortex on resting state fMRI signal.”*
This suggests a compensatory mechanism of brain injury. A sys-
tematic investigation in a large cohort is warranted in this direction
to delineate the brain compensatory mechanism. In addition, our
data clearly demonstrate the multinetwork alterations after mTBI,
which are in the same line as the work of Stevens and associates.*”
Further advanced DTI data also demonstrate that mTBI could
render microstructural damages in multiple WM tracts.”® This in-
dicates the value of a future connectome-scale analysis of mTBI by
combining both DTI and fMRI data to reveal a much more clear
picture of brain injury.”*

It is also worth mentioning that an increase in temporal corre-
lation in different regions of a network does not necessarily indicate
an increase in the network activity because the temporal signal of
each brain’s region consists of several independent time series,
which indicate the connection of the region with various brain
networks. For instance, although the PCC is well known as a main
part of the DMN® and has a role in mind wandering, memory
recollection, etc., it also has important roles in many other networks
such as frontoparietal networks, a motor network, a sensory net-
work, and an executive network.*-76

Therefore, it is possible that temporal correlations between
the PCC and other brain regions increased while the activity of
the DMN decreased, or vice versa, because the time series of
each region can be the result of a combination of the temporal
activity of several networks. For instance, Leech and associ-
ates*® showed that the PCC consists of several subregions that
have separate signals and each contribute to different networks.
Although the average signal of these subregions showed high
correlation between subregions, the correlation between the
neural signal of these subregions was much lower, indicating
that, despite having high temporal connectivity, they have tasks
in different networks. Therefore, further investigation into the
physiological underpinning of these functional network changes
is still warranted.
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Conclusion

We performed a comprehensive analysis of resting-state DMN
and several other networks in patients with acute mTBI. Our study
demonstrated multinetwork alterations in mTBI at the acute stage,
including decreased intranetwork connectivity and increased in-
ternetwork connectivity of the DMN and amygdala network as well
as changes in the thalamus and hippocampus networks. Particu-
larly, the DMN alterations could be used as a biomarker for the
diagnosis of functional deficit in mTBI in the acute setting. A
longitudinal study of large-scale brain networks over a large cohort
is also warranted to further reveal the physiological basis of the
neurocognitive symptoms of mTBI.
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