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Abstract

Mild traumatic brain (mTBI) injury is often associated with long-term cognitive and
behavioral complications, including an increased risk of memory impairment. Current
research challenges include a lack of cross-modal convergence regarding the underly-
ing neural-behavioral mechanisms of mTBI, which hinders therapeutics and outcome
management for this frequently under-treated and vulnerable population. We used
multi-modality imaging methods including magnetoencephalography (MEG) and dif-
fusion tensor imaging (DTI) to investigate brain-behavior impairment in mTBI related
to working memory. A total of 41 participants were recruited, including 23 patients
with a first-time mTBI imaged within 3 months of injury (all male, age = 29.9,
SD = 6.9), and 18 control participants (all male, age = 27.3, SD = 5.3). Whole-brain
statistics revealed spatially concomitant functional-structural disruptions in brain-
behavior interactions in working memory in the mTBI group compared with the con-
trol group. These disruptions are located in the hippocampal-prefrontal region and,
additionally, in the amygdala (measured by MEG neural activation and DTl measures
of fractional anisotropy in relation to working memory performance; p < .05, two-
way ANCOVA, nonparametric permutations, corrected). Impaired brain-behavior
connections found in the hippocampal-prefrontal and amygdala circuits indicate
brain dysregulation of memory, which may leave mTBI patients vulnerable to
increased environmental demands exerting memory resources, leading to related
cognitive and emotional psychopathologies. The findings yield clinical implications
and highlight a need for early rehabilitation after mTBI, including attention- and

sensory-based behavioral exercises.
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1 | INTRODUCTION

Traumatic brain injury is caused by an external force that can take
place during sports activities, at work, in traffic, at home, or on the
battlefield. Current challenges in clinical research and patient manage-
ment in the field include inconsistent imaging evidence regarding the
underlying neural mechanisms, and therefore, a lack of targeted thera-
peutics and optimization of outcome (Levin & Diaz-Arrastia, 2015;
Sandsmark & Diaz-Arrastia, 2021) Mild traumatic brain injury (mTBI,
commonly referred to as a concussion) results in approximately 2.5
million emergency department visits each year in the United States
alone (Silverberg et al., 2020; Taylor et al., 2017) While its prognosis is
generally favorable with spontaneous recovery typically occurring
within 3 months (Bigler, 2013; Feigin et al.,, 2013; Levin & Diaz-
Arrastia, 2015; Roehr, 2012), it has generally, clinically speaking, been
neglected because many of the enduring alterations in neurocognitive
functions are sometimes subtle but distressing, and are not readily
identifiable by conventional clinical examinations. Unlike moderate or
severe forms of TBI, the presence of a prototypical lesion or abnor-
mality often does not exist in mTBI, and neurocognitive or behavioral
deficits are unreliably identified by existing clinical tools, making injury
management, and prognosis challenging. Prior research shows a signif-
icantly increased risk of dementia and Parkinson's disease in patients
with mild-to-severe TBI (Gardner et al., 2014, 2018). In addition,
patients with mTBI can also develop long-term cognitive and behav-
joral complications (Centers for Disease Control and
Prevention, 2009) that impact work performance and social interac-
tions, and reduce quality of life (Nelson et al., 2019; Silverberg
et al., 2020) Because the underlying neurobehavioral mechanisms of
mTBI are unclear, therapeutic options and preventive strategies are
limited (Lancet Editorial, 2011; Nelson et al., 2019; Silverberg
et al,, 2020). In order to advance current clinical knowledge, we need
to find new ways to better understand the neural-behavior mecha-
nism of mTBI.

In this study, we investigate whether mTBI impairs working mem-
ory performance with respect to brain-behavior regulation, an area
that is insufficiently understood in prior research. This investigation of
the two-dimensional interface, brain-behavior regulation related to
working memory performance, complements previous mTBI research
that primarily focused on single-dimensional brain or behavioral defi-
cits and report inconsistent findings (Dunkley et al, 2015, 2018;
Gosselin et al., 2011; Pardini et al., 2010; Smits et al., 2009) First,
existing fMRI data on mTBI are divergent, with mixed findings involv-
ing the frontal, temporal, and parietal networks involved in working
memory processing, including reports of attenuated activity (Chen
et al., 2007; Gosselin et al., 2011; Mayer et al., 2009) while others
report increased or additional activation in mTBI (Jantzen et al., 2004;
Lovell et al, 2007; McAllister et al, 1999, 2001; Slobounov
et al, 2010; Smits et al, 2009; Zhang et al., 2010) Other studies
include reports of mixed hyper-/hypo-activation(Chen et al., 2004;
Chen et al., 2008; McAllister et al., 2006; Pardini et al., 2010; Shah-
Basak et al., 2018; Witt et al., 2010) Second, factors at the individual
behavioral level have been overlooked and should be considered to

understand the vulnerability of specific circuits and individual variabil-
ity in cognitive functionality after mTBI. Meta-analyses of fMRI stud-
ies suggest that the diverse hyper-/hypoactive neural recruitment in
mTBI during working memory paradigms may be task-dependent, pos-
sibly due to different types of processes among the tasks (i.e., discrete
encoding, maintenance, retrieval processes, or a general continuous
processing effort; Bryer et al., 2013; Golkar et al., 2012). In the current
study, we propose a two-dimensional hypothesis, that mTBI would
impair the brain-behavioral interface (or interaction) of working mem-
ory performance related to the memory retrieval process, and this
would involve the hippocampus and related limbic-frontal circuitry.
We used functional and structure neuroimaging techniques,
applying event-related whole-brain magnetoencephalography (MEG)
combined with an event-subtraction strategy (Hung et al., 2013) to
access the neural processing related to memory retrieval. MEG mea-
sures the magnetic fields arising directly from neural activation in
pyramidal neurons and is a highly sensitive imaging modality able to
precisely localize event-related neural dynamics at a millisecond time
scale, including deep-brain activity in the limbic system (Quraan
et al, 2011) This real-time temporal resolution makes MEG well-
suited to capture the rapid and transient neural events in ways that
conventional fMRI research cannot. For structural indices, we
employed whole-brain diffusion tensor imaging (DTI, using Tract-
Based Spatial Statistics [TBSS]; Smith et al., 2006) and evaluated its
spatial concordance to MEG findings, and uncover the brain-behavior
relationship to working memory after mTBI. DTI provides information
about white matter by characterizing the strength and directionality
of connectivity (e.g., fractional anisotropy [FA]) related to axonal and
sheath 2002;
et al., 2018). We also implemented DTI tractography to reveal white

myelin microstructure  (Beaulieu, Hutchinson
matter pathways involved in the areas exhibiting neural abnormalities.

This study revealed reliable neurobehavioral mechanisms underly-
ing memory vulnerability in mTBI. Results of this study yield rehabili-
tation insights and prevention strategies to motivate and guide
further brain injury research that could improve prognostication and
aid neurorehabilitative development for populations suffering from a

concussion or related brain trauma and cognitive dysfunctions.

2 | MATERIALS AND METHODS

2.1 | Participants

A total of 41 English-speaking adult male participants aged 20-
40 years were recruited, including 23 subacute mTBI patients with a
first-time mTBI, diagnosed by clinicians in the emergency department
at the Sunnybrook Health Sciences Centre, Toronto. Demographic
information can be seen in Table 1. The inclusion criteria included: No
or <30-min loss of consciousness; no or <24 h post-traumatic amne-
sia; Glasgow Coma Scale 213; nonlesion CT scan and no skull fracture
assessed within 24 h of injury; and, time since injury was >2 weeks
and <3 months to the study participation. Exclusion criteria included

the presence of pre-existing neurological and/or psychiatric disorders;
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TABLE 1 Demographics and working

Controls mTBI p value .
memory profiles

Number 18 23

Age (years) 27.3 (+5.3) 29.9 (+6.9) .20

Handedness (right/total) 17/18 20/23

1Q (WASI) 115.7 (£6.3) 106.7 (£14.8) .01*

1-back working memory task accuracy (%) 96.9 (+3.0) 95.2 (+5.3) 21

1-back working memory reaction time (ms) 477.6 (£89.9) 467.8 (+70.6) .68

Note: Standard deviation in parentheses; t-test statistical significance at p < .05 marked as *. IQ was
controlled as the covariate for all analyses and was not significantly correlated with any imaging findings.
Abbreviation: WASI, Wechsler Abbreviated Scale of Intelligence.
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FIGURE 1 Working memory task. (a) a modified 1-back visual working memory task was used for the MEG and integrated with trial-
subtraction, revealing neural dynamics attributed to memory retrieval. Participants view a series of daily-life scenes and press the response
button as soon as when detecting a repeated scene. (b) Trials of nonrepeat items elicit neural activity subserving the encoding process. (c) Trials
of repeat items evoke neural responses related to memory retrieval processes. Subtracting the effect of new trials from the repeats reveals the
neural dynamics attributed to memory retrieval. Source: https://stocksnap.io/

active substance abuse, or use of anticonvulsants, benzodiazepines, serving memory encoding is elicited by the nonrepeat items
and/or GABA antagonist medications; requiring major orthopedic pro- (Figure 1b), whereas memory retrieval is elicited by the repeat items
cedures; contraindications to MRI or MEG acquisition, such as the (Figure 1c). We subtract the effect of new trials from the repeat to
presence of ferrous metal or implanted medical devices that precluded derive the neural dynamics attributed to memory retrieval. Two hun-
participation in the study. The control participants were recruited via dred and five photos of everyday life scenes were used. Twenty per-
community outreach flyers. Same exclusionary criteria were applied cent of the total photos were randomly selected to repeat
for recruiting the control participants, who had no history of mTBI. All immediately in consecutive order.

participants provided written informed consent. The study was The task was presented and responses were recorded using Pre-
approved by the Research Ethics Boards at the Hospital for Sick Chil- sentation software (NeuroBehavioral Systems, Inc.). The screen was at
dren and Sunnybrook Hospital. a distance of 78 cm from the participant's eyes, resulting in a visual

angle of 21° horizontally and 13° vertically when viewing stimulus
images. Reaction time and accuracy scores for the correctly
2.2 | Working memory task responded repeated stimuli were calculated for each participant.

A modified one-back visual working memory task was used during

MEG recording. Participants were presented with a series of daily-life 2.3 | Imaging acquisition

scenes and were instructed to press a button as quickly as they could

when a scene was repeated (Figure 1a). We implement a behavioral MEG data were obtained using a CTF Omega 151-channel axial gradi-
subtraction strategy to investigate the memory retrieval-related pro- ometer system (CTF MEG, Coquitlam, Canada) at a 600 Hz sampling

cesses using the one-back paradigm with the MEG. Neural activity rate. Fiducial coils were placed on the nasion, left and right pre-
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auricular points of the participant to provide a continuous measure of
head location in the MEG scanner. These fiducials were replaced by
radio-opaque markers for anatomical MRI imaging. T1-weighted ana-
tomical MRI images were obtained using a 3T MRI scanner
(Magnetom Tim Trio, Siemens AG, Erlangen, Germany) using three-
dimensional magnetization-prepared rapid gradient  echo
(3D MPRAGE) sequences [repetition time (TR) = 2300 ms; echo time
(TE) = 2.9 ms; flip angle = 9°; field of view (FOV) = 28.8 x 19.2 cm;
256 x 256 matrix; 192 slices; 1 mm slice thickness]. The DTI scan
was acquired on a Siemens Trio 3T scanner with a 12-channel head
coil using a spin-echo EPI acquisition sequence [60 directions,
b = 1000s/mm? TE/TR = 87/8800ms, FOV = 244 x 244 x
140 mm, resolution: 2 mm isotropic].

24 | Anatomical processing

The T1-weighted anatomical MRI images were first processed using
the Freesurfer automated image reconstruction software (http://
surfer.nmr.mgh.harvard.edu/), and the reconstructed output were uti-
lized by the following DTl and MEG data processing. The Freesurfer
reconstruction includes processing of motion correction and averaging
of T1-weighted images, removal of nonbrain tissue using a hybrid
watershed/surface deformation procedure, segmentation of the sub-
cortical white matter and deep gray matter volumetric structures,
intensity normalization, tessellation of the gray matter white matter
boundary, automated topology correction. Freesurfer morphometric
procedures have been demonstrated to show good test-retest reli-
ability across scanner manufacturers and across field strengths (Han
et al., 2006; Reuter et al., 2012).

25 |
control

Event-related MEG analysis and quality

MEG data were processed using the Brainstorm software toolbox (Tadel
et al., 2011, 2019; http://neuroimage.usc.edu/brainstorm) integrated
with the Freesurfer anatomical reconstruction output, including the fol-
lowing automated standard processing pipeline. Fiducial points were
marked in the individual anatomical images. The timing of event markers
was automatically corrected accounting for time delays of stimulus trig-
gers to ensure accurate timing of brain responses to the data. Head
position was corrected for head movements occurring during the MEG
task, by calculating the distance at each time point with respect to the
initial reference head position, and then replacing it with an adjusted
position that better represents the head position (mid-point position)
throughout the recording. Continuous MEG data were bandpass-filtered
for 1-50 Hz. The automated artifact detection signals were then exam-
ined; artifacts from eye blink, heartbeats, and other noise components
were removed using the Signal-Space Projection/Principal Component
Analysis (SSP/PCA) procedure (Uusitalo & limoniemi, 1997) combined
with Independent Component Analysis (ICA) procedure (Touretzky
et al., 1996) in Brainstorm. The artifact detection was followed by bad

segment and bad channel detection and removal. The cleaned data were
then epoched for —200 to 800 ms with respect to the stimulus onset. A
head model was generated based on surface model and overlapping
spheres. The data were baseline corrected with a noise covariance
matrix generated with the baseline epoch —200 to O ms. The time-
locked event trials (Repeat, and New) were averaged per condition per
subject. Source estimation for each subject for each event type was car-
ried out applying the minimum norm imaging method using the current
density map and constrained dipole orientations. To identify the mem-
ory retrieval-specific sources, event subtraction was computed at the
source level between Repeat vs. New source files within-subject. These
subtracted, memory-retrieval source data were normalized by baseline
(—200 to 0 ms) to Z scores, and then co-registered to standard space
using ICBM152 brain template (MNI coordinate system).

The projected surface source maps of memory retrieval were trans-
formed into the volumetric map by Brainstorm for group-level statistical
testing by FSL. We were interested in capturing the memory-retrieval
source activity occurring during the active time window of 50-300 ms
post-stimulus onset, excluding early subliminal processing (before
50 ms) and later processing close to motor responses (after 300 ms). A
75 ms analysis window was used, with a 25 ms sliding interval, produc-
ing eight assessment windows: 50-125, 75-150, 100-175, 125-200,
150-225, 175-250, 200-275, and 225-300 ms. As a validation of the
working memory task, the group analysis was first carried out across all
participants for each time window to identify significant sources in the
subtracted source files of Repeat versus New in GLM design to deter-
mine whether neural activity in the Repeat condition is greater than the
New condition (memory retrieval) or smaller than the New condition
across at the group level. The interaction test was then carried out in a
voxel-wise, nonparametric two-way ANCOVA by testing how the
effects between the Group factor and each of the two task performance
indices (accuracy and RT) impact on the memory-retrieval source files, in
other words, to identify whether there is a significant difference
between the two study groups on the relationship (the slope) between
memory retrieval source activity and the behavioral performance. These
group-level analyses were conducted using the FSL Randomise program
for nonparametric permutation testing (5000 permutations), correcting
for multiple comparisons using the threshold-free cluster enhancement
method, and controlling for the family-wise error rate (thresholded at
p < .05). All analyses were carried out using nonparametric statistics.

For quality control, head movement was monitored using the
MEG reference channel during the entire recording. A total head
movement score (in millimeters) was calculated for each participant
for the raw data of the entire MEG run. This score was by default
modeled as a covariate for the MEG imaging analysis, as most analysis
software, including Brainstorm, assume a single fixed head position
for their computations. This “reference position” was measured by
Brainstorm just before the MEG recording started and was saved sep-
arately from the continuous head localization channels.

Finally, for significant results, the MEG signals (standardized Z
scores) from the peak voxel of the significant activated cluster were
extracted and plotted against continuous time points to visualize the

time series of memory-retrieval source activity.
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2.6 | DTI processing and quality control

The diffusion data were preprocessed by TRACULA pipeline (TRActs
Constrained by UnderLying Anatomy; Yendiki et al., 2011) with the
Freesurfer reconstructed output images. The diffusion-weighted
imaging (DWI) series were aligned to the first nondiffusion-weighted
image using affine registration and the corresponding diffusion-
weighting gradient vectors were reoriented accordingly. This proce-
dure reduces misalignment between images due to head motion and
eddy currents. The preprocessed data were then fed into the TBSS
processing pipeline (Track-Based Spatial Statistics; Smith et al., 2006)
The fractional anisotropy (FA) data were nonlinearly registered to a
standard anatomical space; FMRIB58_FA image was used as the tar-
get image for this linear registration. Each participant's FA images
were generated and thinned to create an alignment-invariant tract
representation (e.g., the “mean FA skeleton”) representing the centers
of all tracts common to the group. All participants’ diffusion data were
then aligned on the skeleton space as 4D series for group statistical
testing (threshold = 0.2).

For quality control, four DTl motion measures were derived by
TRACULA processing pipeline (Yendiki et al., 2014) including the aver-
age translation score, rotation score, signal drop-out score (percentage
of bad slices), and signal drop-out severity. A composite head motion
score was computed for each participant based on these four motion
measures (Yendiki et al., 2014) which was by default modeled as a
covariate for the DTl imaging analysis.

Voxelwise analysis on the skeletonized FA map throughout the
whole brain was carried out following TBSS using general linear
models (GLM) by comparing the FA between the two groups and by
testing interaction effects on the FA in nonparametric two-way
ANCOVAs between the Group factor and each of the following task
performance indices: the accuracy score and reaction time (RT) of the
n-back working memory task for the (correctly responded) repeat
items. These tests identify brain regions that show significant differ-
ences between the two study groups either on the FA values or on
the relationship (the slope) between FA and the task performance. A
nonparametric permutation test was performed (number of permuta-
tions = 5000; Winkler et al., 2014) using the FSL Randomise program
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide), correct-
ing for multiple comparisons using the threshold-free cluster enhance-
ment method (Smith & Nichols, 2009) and controlling for the family-
wise error rate (p < .05). JHU DTl-based atlases were used (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Atlases) to determine the location of signifi-
cant white-matter results. Significant TBSS result images are filled into
the group-averaged FA space for presentation purposes.

To visualize the white-matter pathways connected with the
TBSS-significant regions, probabilistic tractography was performed
using the TBSS-identified clusters as the tractography seeds. The
FMRIB software library (FSL) tractography toolbox (FDT) was used for
automated probabilistic reconstruction of major white-matter path-
ways from individual DWIs in native space. This method repetitively
samples from the distributions on voxel-wise principal diffusion direc-

tions and computes a streamline through these local samples to

generate a probabilistic streamline (sample) from the distribution on
the location of the true streamline. The local diffusion directions were
calculated using the BEDPOSTX toolbox that allowed modeling multi-
ple fiber orientations per voxel. For details about probabilistic tracto-
graphy implemented by FDT (Behrens et al., 2003) The output images
of individual connectivity paths were corrected by individual total
counts of established samples by dividing each voxel value by the way
total number, correcting for individual variations. Finally, the individual
path images were nonlinearly registered to the standard space for
group averaging for visualization.

The demographic variables of IQ and handedness were controlled
for in all analyses above as the covariates. This was done because 1Q
was not matched between groups, and the mTBI patients showed a
significantly lower 1Q score profile than the control group; handed-
ness was not matched between or within groups (Table 1). For signifi-
cant findings, age was further added as an additional covariate to the
imaging statistical testing, and the results remained consistent and sig-
nificant (detailed in the Supplementary Material).

3 | RESULTS
3.1 | MEG results
3.1.1 | Memory retrieval activates hippocampal-

prefrontal circuit across all participants

This analysis revealed the neural sources serving memory retrieval
processing across all participants as a validation of the task (Hung
et al., 2013) which successfully activated the hippocampus associ-
ated with memory retrieval functions (Maguire et al., 2001,
McCormick et al., 2015). Voxelwise event-related MEG analysis
across all participants (N = 41) showed significant activation for
memory retrieval in the Repeat >New contrasts in the temporal pole
and parietal cortex (150-250 ms), followed by the hippocampus,
insula, and orbital frontal cortex (200-275 ms), lateralized to the
right hemisphere (Figure 2a; one-way ANCOVA, p < .05, nonpara-
metric permutation tests, corrected). Neural time series were com-
puted from significant peak activations in the right hippocampus and
orbitofrontal cortex (Figure 2b), both showing a primary peak in early
latencies at 100-200 ms followed by an extended differential activa-
tion after 200 ms (Figure 2b). There were no significant between-
group differences in neural sources found across any of the analyzed

time windows.

3.1.2 | Impaired hippocampal-prefrontal and
amygdala regulation of working memory in mTBI

Whole-head interaction tests showed that the association between
retrieval-related neural activation and working memory task accuracy
significantly differed between the two groups in the 100-200 ms time
windows. Specifically, neural activity-accuracy associations (slope)
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Significant hippocampal-prefrontal activation serving memory retrieval across all participants. (a) Event-related whole-brain MEG

reveals hippocampal and prefrontal activation during working memory retrieval across all study participants. Significantly greater spatiotemporal
activation for memory retrieval (in repeat > new event) is localized to the temporal pole (TP) and parietal cortex (PC) at 150-250 ms followed by
the hippocampus, insula, and the orbital frontal cortex (OFC) at 200-275 ms. (b) Time series from peak locations in both the right hippocampus
and the orbitofrontal cortex show a primary peak activation early on at 100-200 ms, followed by an extended differential activation after

200 ms. TP, temporal pole (including the superior, middle, and inferior temporal cortex); PC, parietal operculum cortex. ICBM152 brain template

used. Note that the cortical sources reflect the surface map used in MEG source analysis

were significantly lower in the mTBI group compared to controls,
localized to the right hippocampus and amygdala, as well as the right
orbitofrontal cortex (extending into the subcallosal cortex) (Figure 3a;
two-way ANCOVA, p < .05, nonparametric permutation tests, cor-
rected). Within-group post-hoc evaluation (Figure 3b) showed that
the above between-group brain-behavior interaction was driven by a
significant positive correlation between working memory accuracy
and the retrieval-related neural activity (across significant active time
windows) in the control group (p = 0.54, p < .05, Spearman's correla-
tion test), whereas no significant relationship was evident in the mTBI
group (p = —0.15, p > .05). There were no significant group differ-
ences for the retrieval-related neural activation.

3.2 | DTlresults
3.2.1 | Impaired limbic-cortical white matter
connectivity in mTBI

Interaction tests showed that the two groups also differed in the asso-
ciations between FA and working memory accuracy, with a signifi-
cantly lower FA-accuracy relationship in mTBI compared to controls.
This effect was located in the limbic-cortical tract, along the inferior
fronto-occipital fasciculus, extending anteriorly into the prefrontal
cortex through the external capsule that connects with the limbic-

frontal tract, and extending posteriorly into occipital, parietal, and
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with the control group, the mTBI group exhibited a significantly lower degree of association between retrieval-related neural activation and
working memory accuracy, localized to the right hippocampus and the orbitofrontal-subcallosal regions, and an additional source in the amygdala.
(b) Within-group examination revealed that the above brain-behavior interaction between-group was driven by a significant positive correlation
between working memory accuracy and the memory-retrieval neural activity observed in the control group in the identified locations (at 100-
200 ms), whereas no significant brain-behavior relationship was observed in mTBI. The * sign in the control group indicates a significance level of
p < .05 for the correlation. ICBM152 brain template used. Note that the cortical sources reflect the surface map used in MEG source analysis

temporal areas (Figure 4a; p < .05, nonparametric permutation tests,
corrected for multiple comparisons). Probabilistic tractography using
the TBSS-significant cluster as the seed to the whole brain revealed
the connection pathways of association in white matter tracts of the
right hemisphere, including the limbic-frontal tract that extends ante-
riorly into the ventral frontal region (i.e., orbital frontal area), and con-
nects with the temporal-lobe and posterior association tracts into the
occipital and parietal lobes (Figure 4b). Post-hoc assessment of mean
FA values extracted from significant voxels showed controls had a sig-
nificant positive correlation between FA and working memory accu-

racy (Figure 4c; p < .05, Spearman's correlation coefficient p = .60),

while this relationship was absent in the concussion group (p = —.04,
p > .05).

between groups.

There were no significant differences in FA observed

3.2.2 | Structural-functional relationship in limbic-
frontal and connected areas

A significant positive structure-function correlation was found in the
limbic-frontal and connected areas between MEG functional activa-

tion and FA measures (Figure 4d; p = .43, p < .05).
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4 | DISCUSSION

In this study, we found robust cross-modality evidence of impaired
brain-behavior associations in the hippocampal-prefrontal and
amygdala-prefrontal circuits involved working memory processing.
Functionally, brain-behavioral associations between neural activity in
the hippocampal-prefrontal circuits and working memory retrieval
performance were impaired in the mTBI group, compared with the
control participants. Microstructurally, the association between the
magnitude of neural connectivity and working memory performance,
as reflected by the FA in DTI, was found impaired in mTBI in the lim-
bic pathways. The study used multi-modality imaging and a two-
dimensional approach to investigate the brain-behavior interface
rather than a one-dimensional model predominantly used in prior
research, and identified the locus of brain-behavior disconnection
underlying the vulnerability of memory systems in mTBI. The results
of this study provide clinical implications and markers for interven-
tional strategies for early rehabilitation of mTBI.

4.1 | Brain-behavior disconnection in mTBI:
Impaired neural regulation and a need for early
rehabilitation

Brain-behavior dysconnectivity, localized to the limbic-prefrontal cir-
cuits associated with memory performance, represents a disruption of
neural specialization and reflects a state of brain disorganization and
dysregulation of memory function that may leave mTBI patients vul-
nerable for memory and related psychopathologies (Gardner
et al., 2014; Gardner et al., 2018). Behaviorally, while the mTBI
patients did not show a lower level of memory performance compared
to the healthy controls, they failed to show the normal-level brain-
behavior regulation of memory engaging the limbic-frontal circuits.
This impaired brain-behavior regulation suggests decreased brain spe-
cialization and behavioral control, which may leave these patients vul-
nerable to increased environmental demands exerting memory, when
increased neural resources are not deployable as can be done in an

uninjured brain.

The identified neurobehavioral impairments in the limbic-frontal
system reflect underlying capacity challenges linked to compromised
axonal health. While functional neural hypoactivation in mTBlI is sug-
gestive of underlying deficits in neural processing capabilities (Chen
et al., 2004, 2008) decreased anisotropy has been indicative of poten-
tial axonal injury of the neurons (Hutchinson et al., 2018; Johnson
et al, 2013), myelin damage or loss in the oligodendrocytes
(Hutchinson et al., 2018; Jiang et al., 2011; Laitinen et al., 2015) or
astrocyte reactivity (i.e., neuroinflammation, and glial scar formation;
Budde et al., 2011; Hutchinson et al., 2018) after brain injury. Further
research (e.g., combining animal studies, or blood-based imaging) is
required to confirm the specific underlying mechanisms related to the
identified markers and deficits in the current study.

The current findings provide the psychophysiological foundation
for much-needed early intervention efforts that use behavioral and
cognitive rehabilitative approaches for patients diagnosed with mTBI
(Barman et al., 2016; Tsaousides & Gordon, 2009). Behavioral training
that engages an array of cognitive components, including attention,
perception, and memory/working memory tasks, could be considered
when managing patients with mTBI to retrain impaired brain-behavior
circuits, to re-establish control of and optimize memory processes,

and potentiate neural plasticity after brain injury.

4.2 | Impaired thalamo-hippocampus process in
mTBI: Implications for sensory rehabilitative training

In the MEG results, the hippocampal-prefrontal neural dynamics
showed a two-stage temporal activation serving memory retrieval,
with a rapid early peak (100-200 ms) followed by a slow and
extended secondary activation (>200 ms). This pattern of activation
indicates that working memory may be supported by an initial stage
of rapid, feed-forward processing followed by a second stage of slow,
feedback-related processing that relies on top-down input from
higher-order cortical regions and requires additional time for informa-
tion to be integrated for a conscious decision (Bicanski &
Burgess, 2020; Halgren et al., 2006). This two-stage processing char-

acteristic of the memory system enables a fast and reflexive learning

FIGURE 4 Whole-brain DTl shows impaired limbic white matter pathways in mTBI related to working memory performance. (a) Compared to
the control group, the mTBI group showed a significantly lower degree of brain-behavior association between working memory task accuracy
and the FA localized to the limbic white matter regions along with the inferior fronto-occipital fasciculus (IFOF), extending anteriorly into the
frontal lobe via the external capsule, connecting with the limbic-frontal tracts, and extending posteriorly into the occipital, parietal, and temporal
areas. WM, white matter; MRIB58_1mm brain template used. (b) Probabilistic tractography reveals the limbic-frontal tract that extends anteriorly
into the ventral frontal and orbitofrontal regions, and connects with the temporal-lobe and posterior association tracts into occipital and parietal
areas using the TBSS-significant region as the seed. Image arbitrarily thresholded at showing 99% of maximum streamlines; ICBM152 brain
template used. (c) The control group exhibits a significant positive correlation between FA and working memory accuracy (right panel); whereas
this relationship is absent in the mTBI group (left panel). X-axis = working memory task accuracy; 1 means 100% accurate (hit rate). Y-

axis = mean FA values averaged from all the TBSS-significant voxels. (d) Significant positive correlation is observed between the individual MEG
neural activation and FA values from the identified hippocampal/limbic-frontal regions across participants. X-axis shows mean FA from TBSS-
identified limbic-frontal white matter path. Y-axis shows mean MEG signal in memory retrieval localized in hippocampal-frontal and amygdala

clusters during significant time windows
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versus a slow and refined feedback-based learning behavior—a cycle
that is susceptible to acquired brain injury.

The impairment of the hippocampal-frontal regulation of work-
ing memory in mTBI took place in the first processing stage rather
than in the second stage. This suggests that memory impairment in
mTBI may arise from a dysregulated bottom-up (feedforward) pro-
cess driven by a direct sensory-hippocampal input, whereas the
slow, cortical-hippocampal feedback process remains relatively
intact (where we observed no group differences). This differentia-
tion may inform future research into developing specific, targeted
rehabilitative strategies, for example, utilizing sensory-stimulative
and perceptual-driven behavioral exercises to re-establish the
impaired sensory-hippocampal feedforward pathway in the mem-

ory system.

4.3 | Amygdala dysregulation in mTBI: Potential
cognitive-exerted emotional vulnerability

We also identified a functional deficit in the amygdala in mTBI. The
amygdala is well-established as the emotional processing and regu-
latory center of the brain (Hung et al., 2010; Morris et al., 1998).
The amygdala was not activated during memory retrieval (in Repeat
vs. New either within-group or across all participants), but when
accounting for working memory performance, results revealed a
deficiency in the mTBI group. Therefore, the amygdala dysregula-
tion in relation to cognitive performance here may reflect a com-
pensatory process: when performing the memory-loading tasks,
individuals with mTBI may maintain the expected level of typical
task performance at the cost of amygdala functioning. Clinically,
emotional dysregulation has been frequently found to occur in mTBI
in addition to physical and cognitive symptoms, and it worsens with
mental exertion (Silverberg et al., 2020) sadness and fatigue were
among the most commonly reported post-concussion emotional
symptoms in mTBI patients 3 months post-injury (Levin & Diaz-
Arrastia, 2015; Ponsford et al., 2011). The current link observed
between the amygdala and hippocampal dysregulation in mTBI may
provide evidence of emotional circuit vulnerability that explains
why individuals with mTBI are susceptible to developing emotion-
related comorbid psychopathologies (Zheng et al., 2019) including
depression (Bombardier et al., 2010; Madsen et al.,, 2018; Stein
et al, 2019; Thombs, 2010) and anxiety disorders, and post-
traumatic stress disorder (Betthauser et al., 2018; Santhanam
et al., 2019; Stein et al., 2019; Vanderploeg et al., 2009) which are
known comorbid conditions highly developed in mTBI (Levin &
Diaz-Arrastia, 2015).

In addition, the orbital frontal cortex (OFC), here activated during
memory retrieval, and disrupted in mTBI, receives inputs from sensory
and limbic systems, and codes for outcome appreciation in decision
making (Dede et al., 2017) as well as emotion processing and relation
of emotions (Dede et al., 2017; Golkar et al., 2012). In addition, the

insula is associated with an integrative role between the homeostatic,

affective, and cognitive systems (Kurth et al., 2010; Menon &
Uddin, 2010). The anterior insula area, in particular, plays an essential
role in cognitive control and inhibition (Hung et al., 2018) and is
hypothesized to act as an “internal gate” of the brain in adjusting
task-relevant brain activity and coordinating with other areas of the
brain to ensure stable task performance as part of a salience network
(Craig, 2010; Menon & Uddin, 2010).

44 | Impaired connectivity in limbic-cortical
pathways in mTBI: Structural-functional convergence

DTI provides useful information about white matter microstructure in
mTBI, by measuring the diffusivity in water molecule movements
along white matter tracts. Fractional anisotropy (FA) reflects the
strength of directionality and the magnitude of structural neural con-
nectivity in white matter tracts and is related to axonal and myelin
sheath integrity (Beaulieu, 2002; Hutchinson et al., 2018). Decreased
FA has been linked to impaired neuronal structure and axonal injury
(Churchill et al., 2019; Hutchinson et al., 2018; Lipton et al., 2012) and
demyelination in the chronic phase after brain injury (Armstrong
et al.,, 2016; Hutchinson et al., 2018). Increased FA has been attrib-
uted to adaptive remyelination, neural proliferation, neuroplasticity
(i.e., sprouting, arborization; Hutchinson et al, 2018; Meaney &
Smith, 2015; Werner & Stevens, 2015), or neural reorganization
(Hutchinson et al., 2018).

We found disrupted structural connectivity in mTBI that aligns
with the functional findings, suggesting an impaired limbic-frontal and
limbic-cortical regulatory circuit serving memory. This impaired
brain-behavior regulation is located in the limbic white matter and
the inferior fronto-occipital fasciculus, which are key brain pathways
connecting the ventral brain, linking the limbic system anteriorly to
the prefrontal area (via uncinate fasciculus) and posteriorly with the
visual area of the brain, as shown in the tractography results. These
ventral white matter pathways, particularly the limbic-frontal tracts
that have been consistently identified to be associated with increased
risks of emotional dysfunctions (Huang et al., 2011, 2017), provide
supportive structural evidence for the functional observations of the
current study.

We further identified a significant structural-functional relation-
ship in regions of impaired brain-behavior regulation in mTBI. The
structural connectivity along the limbic-frontal and limbic-cortical
white matter pathways is positively correlated and predictive of the
functional activity in the hippocampal-frontal and amygdala regions
regarding memory retrieval capacity. The stronger the connectivity,
the greater the neural activity in these overlapping limbic-frontal cor-
tical networks. This finding is consistent with previous multimodal
neuroimaging reports which showed that connectome measures using
DTI can effectively predict functional brain responses using fMRI,
both cross-sectionally (Saygin et al., 2012) and longitudinally (Saygin
et al., 2016), and therefore together offer reliable multimodal evi-

dence characterizing conditions of the brain.
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4.5 | Future directions

Further research is required to address how the multi-modality rela-
tionship involving the hippocampal-frontal and amygdala limbic net-
works may predict symptom progression and the interaction between
cognitive performance and emotional susceptibility after brain injury.
For example, further studies might investigate limbic-frontal network
functionality, particularly involving the amygdala, and how this inter-
action predicts cognitive symptom severity and longitudinal symptom
progression. The level of emotional stress has been found to serve as
a critical predictor for mTBI symptom recovery at 6 months following
the injury (van der Naalt et al., 2017). Further, future studies might
investigate how early cognitive training programs might reduce the
risk of developing cognitive-emotional complications and prevent
related comorbidities after brain injury. Research has indicated that
neurophysiological measurement using electroencephalography can
distinguish fast versus slow recovery rates in patients with acute TBI,
and can differentiate patients with better longitudinal outcomes at
12-month follow-up (Claassen et al., 2019). Finally, future studies
might investigate neural biomarkers in animal models to confirm the
underlying neural mechanisms. They might also use other imaging
modalities, such as combining blood-based markers of neural inflam-
mation and neurological injury (e.g., neurofilament light chain) to con-
firm the neuromarkers revealed in the current study.

4.6 | Strengths and limitations

Using multi-modality neuroimaging techniques integrated with a two-
dimensional, brain-behavior interactive framework, we identified neu-
romarkers that may underlie vulnerability and increased risk for nega-
tive memory and emotional dysfunctions in mTBl (Gardner
et al., 2014; Gardner et al., 2018). The study provides new insights
that promote the development of targeted early neurorehabilitative
programs that improve recovery rates and may prevent potential neg-
ative prospects or later impacts after brain injury. The study recruited
male participants only in order to reduce the variance from the physi-
cal impacts of mTBI on gender differences. Future studies may con-
sider including both genders to address gender differences in the
brain's structure-function architectures in mTBI and their associations

with memory performance.

5 | CONCLUSIONS

This study presents a new mechanistic understanding of dysfunction
in the limbic-prefrontal circuitry as an early indicator of mTBI memory
impairment. Brain-behavior disconnections identified in the limbic-
prefrontal circuits related to memory performance suggest brain dys-
regulation of memory processes, which may leave mTBI patients vul-
nerable and at increased risk for memory dysfunction and related
psychopathologies. The results of this study indicate a need for early

interventions after mTBI. These findings yield clinical implications and

rehabilitative insights that should motivate clinical communities and
future brain injury researchers to develop early intervention and reha-
bilitative strategies for vulnerable populations suffering from concus-

sions and related brain trauma.

AUTHOR CONTRIBUTIONS

All authors contributed intellectually to the study. Specifically, data
analysis and drafting the paper: Iris Yuwen Hung; revising the paper:
Iris Yuwen Hung; technical support: Marlee Vandewouw, Zahra
Emami, Nicole Rudberg, Sonya Bells, Benjamin T. Dunkley; data col-
lection: Leodante da Costa, Benjamin T. Dunkley; conception of the
study, obtaining funding, and supervision for the study: Benjamin
T. Dunkley.

ACKNOWLEDGMENTS

This research was funded by Defence Research and Development
Canada (DRDC), the Canadian Institute of Military and Veteran Health
Research (CIMVHR), and the Innovation for Defence Excellence and
Security (IDEaS) Program to Benjamin T. Dunkley. This work was also
supported by the Brain & Behavior Research Foundation in the
United States, and the Canadian Institutes of Health Research, which
awards to Iris Yuwen Hung. We would also like to thank Drs Margot
Taylor and Elizabeth Pang at the Hospital for Sick Children for their
help in this study.

CONFLICT OF INTEREST

All authors declare no competing interests.

DATA AVAILABILITY STATEMENT
All data are available upon request.

ORCID
Yuwen Hung " https://orcid.org/0000-0002-2123-1989
https://orcid.org/0000-0002-4505-0306

https://orcid.org/0000-0001-6173-1171

Marlee Vandewouw

Benjamin T. Dunkley

REFERENCES

Armstrong, R. C., Mierzwa, A. J., Marion, C. M., & Sullivan, G. M. (2016).
White matter involvement after TBI: Clues to axon and myelin repair
capacity. Experimental Neurology, 275(Pt 3), 328-333.

Barman, A., Chatterjee, A., & Bhide, R. (2016). Cognitive impairment and
rehabilitation strategies after traumatic brain injury. Indian Journal of
Psychological Medicine, 38, 172-181.

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous
system—A technical review. NMR in Biomedicine, 15, 435-455.

Behrens, T. E., Woolrich, M. W., Jenkinson, M., Johansen-Berg, H.,
Nunes, R. G, Clare, S., Matthews, P. M., Brady, J. M., & Smith, S. M.
(2003). Characterization and propagation of uncertainty in diffusion-
weighted MR imaging. Magnetic Resonance in Medicine, 50, 1077-1088.

Betthauser, L. M., Brenner, L. A., Cole, W., Scher, A. |., Schwab, K., &
Ivins, B. J. (2018). A clinical evidence-based approach to examine the
effects of mTBI and PTSD symptoms on ANAM performance in
recently deployed active duty soldiers: Results from the warrior strong
study. The Journal of Head Trauma Rehabilitation, 33, 91-100.

Bicanski, A., & Burgess, N. (2020). Neuronal vector coding in spatial cogni-
tion. Nature Reviews. Neuroscience, 21, 453-470.


https://orcid.org/0000-0002-2123-1989
https://orcid.org/0000-0002-2123-1989
https://orcid.org/0000-0002-4505-0306
https://orcid.org/0000-0002-4505-0306
https://orcid.org/0000-0001-6173-1171
https://orcid.org/0000-0001-6173-1171

HUNG ET AL

WILEY_| 5

Bigler, E. D. (2013). Neuroimaging biomarkers in mild traumatic brain
injury (mTBI). Neuropsychology Review, 23, 169-209.

Bombardier, C. H., Fann, J. R, Temkin, N. R., Esselman, P. C., Barber, J., &
Dikmen, S. S. (2010). Rates of major depressive disorder and clinical
outcomes following traumatic brain injury. The Journal of the American
Medlical Association, 303, 1938-1945.

Bryer, E. J., Medaglia, J. D., Rostami, S., & Hillary, F. G. (2013). Neural
recruitment after mild traumatic brain injury is task dependent: A
meta-analysis. Journal of the International Neuropsychological Society,
19,751-762.

Budde, M. D,, Janes, L., Gold, E., Turtzo, L. C., & Frank, J. A. (2011). The
contribution of gliosis to diffusion tensor anisotropy and tractography
following traumatic brain injury: Validation in the rat using Fourier
analysis of stained tissue sections. Brain, 134, 2248-2260.

Centers for Disease Control and Prevention. (2009): Heads Up: Facts for
Physicians About Mild Traumatic Brain Injury (MTBI). Retrieved from
https://stacks.cdc.gov/view/cdc/12340/Share.

Chen, J. K,, Johnston, K. M., Collie, A., McCrory, P., & Ptito, A. (2007). A
validation of the post concussion symptom scale in the assessment of
complex concussion using cognitive testing and functional MRI. Jour-
nal of Neurology, Neurosurgery, and Psychiatry, 78, 1231-1238.

Chen, J. K., Johnston, K. M., Frey, S., Petrides, M., Worsley, K., & Ptito, A.
(2004). Functional abnormalities in symptomatic concussed athletes:
An fMRI study. Neurolmage, 22, 68-82.

Chen, J. K., Johnston, K. M., Petrides, M., & Ptito, A. (2008). Recovery from
mild head injury in sports: Evidence from serial functional magnetic
resonance imaging studies in male athletes. Clinical Journal of Sport
Medicine, 18, 241-247.

Churchill, N. W., Hutchison, M. G., Graham, S. J., & Schweizer, T. A. (2019).
Mapping brain recovery after concussion: From acute injury to 1 year
after medical clearance. Neurology, 93, €1980-e1992.

Claassen, J., Doyle, K., Matory, A., Couch, C., Burger, K. M., Velazquez, A,
Okonkwo, J. U,, King, J. R., Park, S., Agarwal, S., Roh, D., Megjhani, M.,
Eliseyev, A., Connolly, E. S., & Rohaut, B. (2019). Detection of brain
activation in unresponsive patients with acute brain injury. The New
England Journal of Medicine, 380, 2497-2505.

Craig, A. D. (2010). The sentient self. Brain Structure & Function, 214,
563-577.

Dede, E., Zalonis, I., Gatzonis, S., & Sakas, D. (2017). From discovering to
better understanding the relationship between brain and behavior.
Integrative Neuroscience Research, 1, 5-16.

Dunkley, B. T., Da Costa, L., Bethune, A, Jetly, R,, Pang, E. W., Taylor, M. J,, &
Doesburg, S. M. (2015). Low-frequency connectivity is associated with
mild traumatic brain injury. Neurolmage: Clinical, 7, 611-621.

Dunkley, B. T., Urban, K, Da Costa, L., Wong, S. M., Pang, E. W,, &
Taylor, M. J. (2018). Default mode network oscillatory coupling is
increased following concussion. Frontiers in Neurology, 9, 280.

Feigin, V. L., Theadom, A., Barker-Collo, S., Starkey, N. J., McPherson, K.,
Kahan, M., Dowell, A., Brown, P., Parag, V. Kydd, R., Jones, K,
Jones, A., Ameratunga, S., & BIONIC Study Group. (2013). Incidence
of traumatic brain injury in New Zealand: A population-based study.
Lancet Neurology, 12, 53-64.

Gardner, R. C., Burke, J. F., Nettiksimmons, J., Kaup, A., Barnes, D. E., &
Yaffe, K. (2014). Dementia risk after traumatic brain injury vs nonbrain
trauma: The role of age and severity. JAMA Neurology, 71, 1490-1497.

Gardner, R. C,, Byers, A. L., Barnes, D. E,, Li, Y., Boscardin, J., & Yaffe, K.
(2018). Mild TBI and risk of Parkinson disease: A chronic effects of
Neurotrauma consortium study. Neurology, 90, e1771-e1779.

Golkar, A., Lonsdorf, T. B., Olsson, A., Lindstrom, K. M., Berrebi, J.,
Fransson, P., Schalling, M., Ingvar, M., & Ohman, A. (2012). Distinct
contributions of the dorsolateral prefrontal and orbitofrontal cortex
during emotion regulation. PLoS One, 7, e48107.

Gosselin, N., Bottari, C., Chen, J. K., Petrides, M., Tinawi, S., de Guise, E., &
Ptito, A. (2011). Electrophysiology and functional MRI in post-acute
mild traumatic brain injury. Journal of Neurotrauma, 28, 329-341.

Halgren, E., Wang, C., Schomer, D. L., Knake, S., Marinkovic, K., Wu, J., &
Ulbert, 1. (2006). Processing stages underlying word recognition in the
anteroventral temporal lobe. Neurolmage, 30, 1401-1413.

Han, X., Jovicich, J., Salat, D., van der Kouwe, A., Quinn, B., Czanner, S.,
Busa, E., Pacheco, J., Albert, M., Killiany, R., Maguire, P., Rosas, D.,
Makris, N., Dale, A., Dickerson, B., & Fischl, B. (2006). Reliability of
MRI-derived measurements of human cerebral cortical thickness: The
effects of field strength, scanner upgrade and manufacturer. Neuro-
Image, 32, 180-194.

Huang, H., Fan, X., Williamson, D. E., & Rao, U. (2011). White matter
changes in healthy adolescents at familial risk for unipolar depression:
A diffusion tensor imaging study. Neuropsychopharmacology, 36,
684-691.

Hung, Y., Gaillard, S. L., Yarmak, P., & Arsalidou, M. (2018). Dissociations
of cognitive inhibition, response inhibition, and emotional interference:
Voxelwise ALE meta-analyses of fMRI studies. Human Brain Mapping,
39, 4065-4082.

Hung, Y., Saygin, Z. M., Biederman, J., Hirshfeld-Becker, D., Uchida, M.,
Doehrmann, O., Han, M., Chai, X. J., Kenworthy, T., Yarmak, P.,
Gaillard, S. L., Whitfield-Gabrieli, S., & Gabrieli, J. D. E. (2017). Impaired
frontal-limbic white matter maturation in children at risk for major
depression. Cerebral Cortex, 27, 4478-4491.

Hung, Y., Smith, M. L., Bayle, D. J., Mills, T., Cheyne, D., & Taylor, M. J.
(2010). Unattended emotional faces elicit early lateralized amygdala-
frontal and fusiform activations. Neurolmage, 50, 727-733.

Hung, Y., Smith, M. L., & Taylor, M. J. (2013). Functional dissociations in
prefrontal-hippocampal working memory systems. Cortex, 49, 961-967.

Hutchinson, E. B., Schwerin, S. C.,, Avram, A. V., Juliano, S. L, &
Pierpaoli, C. (2018). Diffusion MRI and the detection of alterations fol-
lowing traumatic brain injury. Journal of Neuroscience Research, 96,
612-625.

Jantzen, K. J., Anderson, B., Steinberg, F. L., & Kelso, J. A. (2004). A pro-
spective functional MR imaging study of mild traumatic brain injury in
college football players. AJNR. American Journal of Neuroradiology, 25,
738-745.

Jiang, Q., Qu, C., Chopp, M., Ding, G. L., Davarani, S. P. N., Helpern, J. A,
Jensen, J. H., Zhang, Z. G,, Li, L., Lu, M., Kaplan, D., Hu, J., Shen, Y.,
Kou, Z., Li, Q., Wang, S., & Mahmood, A. (2011). MRI evaluation of
axonal reorganization after bone marrow stromal cell treatment of
traumatic brain injury. NMR in Biomedicine, 24, 1119-1128.

Johnson, V. E., Stewart, W., & Smith, D. H. (2013). Axonal pathology in
traumatic brain injury. Experimental Neurology, 246, 35-43.

Kurth, F., Zilles, K., Fox, P. T., Laird, A. R., & Eickhoff, S. B. (2010). A link
between the systems: Functional differentiation and integration within
the human insula revealed by meta-analysis. Brain Structure & Function,
214,519-534.

Laitinen, T., Sierra, A., Bolkvadze, T., Pitkdnen, A., & Gréhn, O. (2015). Dif-
fusion tensor imaging detects chronic microstructural changes in white
and gray matter after traumatic brain injury in rat. Frontiers in Neurosci-
ence, 9, 128.

Lancet Editorial. (2011). Cognitive rehabilitation therapy in traumatic brain
injury. Lancet, 378, 1440-1442.

Levin, H. S., & Diaz-Arrastia, R. R. (2015). Diagnosis, prognosis, and clinical
management of mild traumatic brain injury. Lancet Neurology, 14,
506-517.

Lipton, M. L., Kim, N., Park, Y. K, Hulkower, M. B., Gardin, T. M,,
Shifteh, K., Kim, M., Zimmerman, M. E., Lipton, R. B., & Branch, C. A.
(2012). Robust detection of traumatic axonal injury in individual mild
traumatic brain injury patients: Intersubject variation, change over
time and bidirectional changes in anisotropy. Brain Imaging and Behav-
ior, 6, 329-342.

Lovell, M. R,, Pardini, J. E., Welling, J., Collins, M. W., Bakal, J., Lazar, N,
Roush, R., Eddy, W. F., & Becker, J. T. (2007). Functional brain abnor-
malities are related to clinical recovery and time to return-to-play in
athletes. Neurosurgery, 61, 352-360.


https://stacks.cdc.gov/view/cdc/12340/Share

5% | WILEY

HUNG ET AL

Madsen, T., Erlangsen, A. Orlovska, S., Mofaddy, R., Nordentoft, M., &
Benros, M. E. (2018). Association between traumatic brain injury and risk
of suicide. The Journal of the American Medical Association, 320, 580-588.

Maguire, E. A., Vargha-Khadem, F., & Mishkin, M. (2001). The effects of
bilateral hippocampal damage on fMRI regional activations and inter-
actions during memory retrieval. Brain, 124, 1156-1170.

Mayer, A. R., Mannell, M. V., Ling, J., Elgie, R., Gasparovic, C., Phillips, J. P.,
Doezema, D., & Yeo, R. A. (2009). Auditory orienting and inhibition of
return in mild traumatic brain injury: A FMRI study. Human Brain Map-
ping, 30, 4152-4166.

McAllister, T. W., Flashman, L. A., McDonald, B. C., & Saykin, A. J. (2006).
Mechanisms of working memory dysfunction after mild and moderate
TBI: Evidence from functional MRI and neurogenetics. Journal of Neu-
rotrauma, 23, 1450-1467.

McAllister, T. W., Saykin, A. J., Flashman, L. A, Sparling, M. B,
Johnson, S. C., Guerin, S. J.,, Mamourian, A. C., Weaver, J. B, &
Yanofsky, N. (1999). Brain activation during working memory 1 month
after mild traumatic brain injury: A functional MRI study. Neurology,
53, 1300-1308.

McAllister, T. W., Sparling, M. B., Flashman, L. A. Guerin, S. J,
Mamourian, A. C., & Saykin, A. J. (2001). Differential working memory
load effects after mild traumatic brain injury. Neurolmage, 14, 1004~
1012.

McCormick, C., St-Laurent, M., Ty, A, Valiante, T. A., & McAndrews, M. P.
(2015). Functional and effective hippocampal-neocortical connectivity
during construction and elaboration of autobiographical memory
retrieval. Cerebral Cortex, 25, 1297-1305.

Meaney, D. F., & Smith, D. H. (2015). Cellular biomechanics of central ner-
vous system injury. Handbook of Clinical Neurology, 127, 105-114.
Menon, V., & Uddin, L. Q. (2010). Saliency, switching, attention and con-
trol: A network model of insula function. Brain Structure & Function,

214, 655-667.

Morris, J. S., Ohman, A., & Dolan, R. J. (1998). Conscious and unconscious
emotional learning in the human amygdala. Nature, 393, 467-470.
Nelson, L. D., Temkin, N. R., Dikmen, S., Barber, J., Giacino, J. T., Yuh, E.,
Levin, H. S, McCrea, M. A, Stein, M. B., Mukherjee, P,
Okonkwo, D. O., Diaz-Arrastia, R., Manley, G. T., the TRACK-TBI
Investigators, Adeoye, O., Badjatia, N., Boase, K. Bodien, Y.,
Bullock, M. R, ... Zafonte, R. (2019). Recovery after mild traumatic
brain injury in patients presenting to US level | trauma centers: A
transforming research and clinical knowledge in traumatic brain injury

(TRACK-TBI) study. JAMA Neurology, 76, 1049-1059.

Pardini, J. E., Pardini, D. A., Becker, J. T., Dunfee, K. L., Eddy, W. F,,
Lovell, M. R., & Welling, J. S. (2010). Postconcussive symptoms are
associated with compensatory cortical recruitment during a working
memory task. Neurosurgery, 67, 1020-1028.

Ponsford, J., Cameron, P., Fitzgerald, M., Grant, M., & Mikocka-Walus, A.
(2011). Long-term outcomes after uncomplicated mild traumatic brain
injury: A comparison with trauma controls. Journal of Neurotrauma, 28,
937-946.

Quraan, M. A, Moses, S. N., Hung, Y., Mills, T., & Taylor, M. J. (2011).
Detection and localization of hippocampal activity using beamformers
with MEG: A detailed investigation using simulations and empirical
data. Human Brain Mapping, 32, 812-827.

Reuter, M., Schmansky, N. J., Rosas, H. D., & Fischl, B. (2012). Within-
subject template estimation for unbiased longitudinal image analysis.
Neurolmage, 61, 1402-1418.

Roehr, B. (2012). Traumatic brain injury is more widespread than previ-
ously estimated. BMJ, 345, e8098.

Sandsmark, D. K., & Diaz-Arrastia, R. (2021). Advances in traumatic brain
injury research in 2020. Lancet Neurology, 20, 5-7.

Santhanam, P., Teslovich, T., Wilson, S. H., Yeh, P. H., Oakes, T. R., &
Weaver, L. K. (2019). Decreases in white matter integrity of Ventro-
limbic pathway linked to post-traumatic stress disorder in mild trau-
matic brain injury. Journal of Neurotrauma, 36, 1093-1098.

Saygin, Z. M., Osher, D. E., Koldewyn, K., Reynolds, G., Gabrieli, J. D., &
Saxe, R. R. (2012). Anatomical connectivity patterns predict face selec-
tivity in the fusiform gyrus. Nature Neuroscience, 15, 321-327.

Saygin, Z. M., Osher, D. E., Norton, E. S., Youssoufian, D. A, Beach, S. D.,
Feather, J., Gaab, N., Gabrieli, J. D., & Kanwisher, N. (2016). Connec-
tivity precedes function in the development of the visual word form
area. Nature Neuroscience, 19, 1250-1255.

Shah-Basak, P. P., Urbain, C., Wong, S., da Costa, L., Pang, E. W.,
Dunkley, B. T., & Taylor, M. J. (2018). Concussion alters the functional
brain processes of visual attention and working memory. Journal of
Neurotrauma, 35, 267-277.

Silverberg, N. D., Duhaime, A. C., & laccarino, M. A. (2020). Mild traumatic
brain injury in 2019-2020. The Journal of the American Medical Associa-
tion, 323, 177-178.

Slobounov, S. M., Zhang, K., Pennell, D., Ray, W., Johnson, B., &
Sebastianelli, W. (2010). Functional abnormalities in normally appear-
ing athletes following mild traumatic brain injury: A functional MRI
study. Experimental Brain Research, 202, 341-354.

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E.,
Mackay, C. E., Watkins, K. E., Ciccarelli, O. Cader, M. Z,
Matthews, P. M., & Behrens, T. E. (2006). Tract-based spatial statistics:
Voxelwise analysis of multi-subject diffusion data. Neurolmage, 31,
1487-1505.

Smith, S. M., & Nichols, T. E. (2009). Threshold-free cluster enhancement:
Addressing problems of smoothing, threshold dependence and locali-
sation in cluster inference. Neurolmage, 44, 83-98.

Smits, M., Dippel, D. W. Houston, G. C., Wielopolski, P. A,
Koudstaal, P. J., Hunink, M. G., & van der Lugt, A. (2009). Postconcus-
sion syndrome after minor head injury: Brain activation of working
memory and attention. Human Brain Mapping, 30, 2789-2803.

Stein, M. B., Jain, S., Giacino, J. T., Levin, H., Dikmen, S., Nelson, L. D.,
Vassar, M. J., Okonkwo, D. O., Diaz-Arrastia, R., Robertson, C. S,
Mukherjee, P., McCrea, M., Mac Donald, C. L., Yue, J. K, Yuh, E,,
Sun, X., Campbell-Sills, L., Temkin, N., Manley, G. T., ... Zafonte, R.
(2019). Risk of posttraumatic stress disorder and major depression in
civilian patients after mild traumatic brain injury: A TRACK-TBI study.
JAMA Psychiatry, 76, 249-258.

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., & Leahy, R. M. (2011).
Brainstorm: A user-friendly application for MEG/EEG analysis. Compu-
tational Intelligence and Neuroscience, 2011, 879716.

Tadel, F., Bock, E., Niso, G., Mosher, J. C., Cousineau, M., Pantazis, D.,
Leahy, R. M., & Baillet, S. (2019). MEG/EEG group analysis with brain-
storm. Frontiers in Neuroscience, 13, 76.

Taylor, C. A, Bell, J. M,, Breiding, M. J., & Xu, L. (2017). Traumatic brain
injury-related emergency department visits, hospitalizations, and
deaths - United States, 2007 and 2013. MMWR Surveillance Summa-
ries, 66, 1-16.

Thombs, B. D. (2010). Traumatic brain injury and major depressive disor-
der. The Journal of the American Medical Association, 304, 857 author
reply 857-858.

Touretzky, D. S., Mozer, M. C., & Hasselmo, M. E. (1996). Advances in neu-
ral information processing systems (Vol. 8). MIT Press.

Tsaousides, T., & Gordon, W. A. (2009). Cognitive rehabilitation following
traumatic brain injury: Assessment to treatment. Mount Sinai Journal of
Medicine, 76, 173-181.

Uusitalo, M. A., & limoniemi, R. J. (1997). Signal-space projection method
for separating MEG or EEG into components. Medical & Biological Engi-
neering & Computing, 35, 135-140.

van der Naalt, J., Timmerman, M. E., de Koning, M. E., van der Horn, H. J.,
Scheenen, M. E., Jacobs, B., Hageman, G., Yilmaz, T., Roks, G., &
Spikman, J. M. (2017). Early predictors of outcome after mild traumatic
brain injury (UPFRONT): An observational cohort study. Lancet Neurol-
ogy, 16, 532-540.

Vanderploeg, R. D., Belanger, H. G., & Curtiss, G. (2009). Mild traumatic
brain injury and posttraumatic stress disorder and their associations



HUNG ET AL

WILEY_| 5%

with health symptoms. Archives of Physical Medicine and Rehabilitation,
90, 1084-1093.

Werner, J. K, & Stevens, R. D. (2015). Traumatic brain injury: Recent
advances in plasticity and regeneration. Current Opinion in Neurology,
28, 565-573.

Winkler, A. M., Ridgway, G. R., Webster, M. A, Smith, S. M., &
Nichols, T. E. (2014). Permutation inference for the general linear
model. Neurolmage, 92, 381-397.

Witt, S. T., Lovejoy, D. W., Pearlson, G. D., & Stevens, M. C. (2010).
Decreased prefrontal cortex activity in mild traumatic brain injury dur-
ing performance of an auditory oddball task. Brain Imaging and Behav-
ior, 4,232-247.

Yendiki, A., Koldewyn, K., Kakunoori, S., Kanwisher, N., & Fischl, B. (2014).
Spurious group differences due to head motion in a diffusion MRI
study. Neurolmage, 88, 79-90.

Yendiki, A., Panneck, P., Srinivasan, P., Stevens, A. Zollei, L.,
Augustinack, J., Wang, R., Salat, D., Ehrlich, S., Behrens, T.,
Jbabdi, S., Gollub, R., & Fischl, B. (2011). Automated probabilistic
reconstruction of white-matter pathways in health and disease
using an atlas of the underlying anatomy. Frontiers in Neuroinfor-
matics, 5, 23.

Zhang, K., Johnson, B., Pennell, D., Ray, W., Sebastianelli, W. &
Slobounov, S. (2010). Are functional deficits in concussed individuals

consistent with white matter structural alterations: Combined FMRI &
DTI study. Experimental Brain Research, 204, 57-70.

Zheng, J., Stevenson, R. F., Mander, B. A., Mnatsakanyan, L., Hsu, F. P. K.,
Vadera, S., Knight, R. T., Yassa, M. A, & Lin, J. J. (2019). Multiplexing
of theta and alpha rhythms in the amygdala-hippocampal circuit sup-
ports pattern separation of emotional information. Neuron, 102, 887-
898.e5.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Hung, Y., Vandewouw, M., Emami, Z.,
Bells, S., Rudberg, N., da Costa, L., & Dunkley, B. T. (2022).
Memory retrieval brain-behavior disconnection in mild
traumatic brain injury: A magnetoencephalography and
diffusion tensor imaging study. Human Brain Mapping, 43(17),
5296-5309. https://doi.org/10.1002/hbm.26003



https://doi.org/10.1002/hbm.26003

	Memory retrieval brain-behavior disconnection in mild traumatic brain injury: A magnetoencephalography and diffusion tensor...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Participants
	2.2  Working memory task
	2.3  Imaging acquisition
	2.4  Anatomical processing
	2.5  Event-related MEG analysis and quality control
	2.6  DTI processing and quality control

	3  RESULTS
	3.1  MEG results
	3.1.1  Memory retrieval activates hippocampal-prefrontal circuit across all participants
	3.1.2  Impaired hippocampal-prefrontal and amygdala regulation of working memory in mTBI

	3.2  DTI results
	3.2.1  Impaired limbic-cortical white matter connectivity in mTBI
	3.2.2  Structural-functional relationship in limbic-frontal and connected areas


	4  DISCUSSION
	4.1  Brain-behavior disconnection in mTBI: Impaired neural regulation and a need for early rehabilitation
	4.2  Impaired thalamo-hippocampus process in mTBI: Implications for sensory rehabilitative training
	4.3  Amygdala dysregulation in mTBI: Potential cognitive-exerted emotional vulnerability
	4.4  Impaired connectivity in limbic-cortical pathways in mTBI: Structural-functional convergence
	4.5  Future directions
	4.6  Strengths and limitations

	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


