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ORIGINAL ARTICLE
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Abstract

Combat-related mild traumatic brain injury (mTBI) is a leading cause of sustained cognitive impairment in military service
members and Veterans. However, the mechanism of persistent cognitive deficits including working memory (WM)
dysfunction is not fully understood in mTBI. Few studies of WM deficits in mTBI have taken advantage of the temporal and
frequency resolution afforded by electromagnetic measurements. Using magnetoencephalography (MEG) and an N-back
WM task, we investigated functional abnormalities in combat-related mTBI. Study participants included 25 symptomatic
active-duty service members or Veterans with combat-related mTBI and 20 healthy controls with similar combat
experiences. MEG source-magnitude images were obtained for alpha (8-12 Hz), beta (15-30 Hz), gamma (30-90 Hz), and low-
frequency (1-7 Hz) bands. Compared with healthy combat controls, mTBI participants showed increased MEG signals across
frequency bands in frontal pole (FP), ventromedial prefrontal cortex, orbitofrontal cortex (OFC), and anterior dorsolateral
prefrontal cortex (dIPFC), but decreased MEG signals in anterior cingulate cortex. Hyperactivations in FP, OFC, and anterior
dIPFC were associated with slower reaction times. MEG activations in lateral FP also negatively correlated with performance
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on tests of letter sequencing, verbal fluency, and digit symbol coding. The profound hyperactivations from FP suggest that

FP is particularly vulnerable to combat-related mTBI.

Key words: blast brain injury, frontal pole, magnetoencephalography, traumatic brain injury, working memory

Introduction

Combat-related traumatic brain injury (TBI), mainly due to
blast exposure to improvised explosive devices (IED), is a lead-
ing cause of sustained physical, cognitive, emotional, and
behavioral deficits in military service members and Veterans.
The signature TBI associated with combat has changed from
penetrating injuries sustained during the Vietnam war to blast-
induced TBI in contemporary warfare. At the same time, new
equipment for body protection has increased the survival rate
after TBI on the battlefield. Thus, understanding the sequelae
of blast TBI is of increasing importance.

Of TBIs in which blast was the main cause in active-duty mili-
tary personnel and Veterans wounded in combat in Iraq and
Afghanistan, the majority (89%) were mild TBIs (mTBI) (MacGregor
et al. 2011). However, the pathophysiology of blast mTBI is not
completely understood and the long-term effects of mTBI in gen-
eral are controversial. Identifying and assessing neuropathologi-
cal, cellular, cognitive, emotional, behavioral, and neurological
consequences of blast TBI have been challenging (DePalma and
Hoffman 2018). Although blast TBI may be another subtype of TBI,
different from blunt TBI (Fischer et al. 2014; Young, Rule, Bocchieri,
Walilko, et al. 2015; DePalma and Hoffman 2018), there is consen-
sus that blast TBI has some unique injury mechanisms (Young,
Rule, Bocchieri, and Burns 2015).

In the majority of individuals with mTBI symptoms resolve
within days postinjury (Bigler 2008). Yet, postconcussive symp-
toms (PCS) can persist 3 months postinjury or longer, indicating
chronic sequelae (McInnes et al. 2017). Estimates of the prevalence
of persistent PCS vary widely, particularly in Veterans with mTBI,
with at least 3 enduring symptoms reported in 7.5-40% of patients
(Schneiderman et al. 2008; Terrio et al. 2009; Morissette et al. 2011,
Cooper et al. 2015). Among the persistent PCS in individuals with
blast mTBI, the majority of the systems are in the cognitive
domain (e.g., executive function, attention, working-memory)
(McInnes et al. 2017). Currently, optimal rehabilitation treatments
for the cognitive deficits in blast mTBIs are not fully developed, in
part due to insufficient information about the loci and mecha-
nisms of the injury. This highlights the need for neuroimaging
techniques that are sensitive to the cognitive effects of blast expo-
sure on the brain and to the efficacy of therapeutic interventions
aimed at improving functional capacity.

Complaints of cognitive deficits are common in Veterans and
active-duty military personnel with mild TBI. While deficits exist
in several cognitive domains, many complaints and deficits sug-
gest problems in working memory (WM) (Nyberg et al. 2003;
McAllister et al. 2006; Newsome et al. 2008), which disrupts the
ability to maintain information in the face of competing stimuli
and manipulate it in accord with current goals (Baddeley 1986;
Glahn et al. 2005). WM is one of the fundamental mechanisms of
executive functioning that mediate complex skills. Like most com-
plex behaviors, WM tasks activate a large-scale network of cortical
(frontal, parietal, and temporal) and subcortical (e.g., basal ganglia)
regions (Mesulam 1998; Smith and Jonides 1998; Glahn et al. 2005).
The frontal lobes, including dorsolateral prefrontal cortex (dIPFC),
orbitofrontal cortex (OFC) areas, and medial prefrontal cortex, and
related circuitry (e.g, subcortical white matter, basal ganglia, thalamus)

support WM and other executive functions that are particularly
vulnerable to TBI (Bigler 1999; McDonald et al. 2002; McAllister
et al. 2006). Thus, WM and other executive deficits are prominent
cognitive sequelae of TBI. To date, the brain mechanisms underly-
ing WM deficits in TBI have been largely studied using functional
magnetic resonance imaging (fMRI). Many fMRI studies have com-
pared brain activation during WM tasks in mild, moderate, and
severe TBI patients and in healthy subjects (Christodoulou et al.
2001; Scheibel et al. 2003; Chen et al. 2004; Perlstein et al. 2004;
McAllister et al. 2006; Newsome, Scheibel, Hunter, et al. 2007;
Newsome, Scheibel, Steinberg, et al. 2007; Sanchez-Carrion et al.
2008; Hillary et al. 2010; Cazalis et al. 2011; Kasahara et al. 2011,
Turner et al. 2011; Medaglia et al. 2012, 2015; Bryer et al. 2013;
Sinopoli et al. 2014; Gillis and Hampstead 2015; Newsome et al.
2015; Wylie et al. 2015; Manktelow et al. 2017). However, the results
have been mixed in TBI (Bryer et al. 2013) with most studies report-
ing hyperactivation in prefrontal cortices, but some studies report-
ing hypoactivation in prefrontal cortices, or both hyper- and
hypoactivation in different prefrontal regions. Although the num-
ber of fMRI WM studies showing aberrantly increased PFC activa-
tion outnumbers the other 2 types, the reason(s) for the discrepant
findings is unclear. Furthermore, WM fMRI studies in combat-
related TBI have been rare (Graner et al. 2013; Newsome et al.
2015), and among those, only increased activation in the caudate
nucleus has been reported (Newsome et al. 2015), which is surpris-
ing since the frontal lobes are particularly vulnerable to injury
(Wilde et al. 2005) due to 1) their large size and location at the front
of the cranium, and 2) the acceleration and deceleration of the
brain as it is shaken backwards and forwards in response to
impact, causing the frontal lobe to collide with the inside of the
skull cavity (El Sayed et al. 2008; Phillips et al. 2017).

The N-back task is one of the most frequently used WM para-
digms (Gevins and Cutillo 1993) to investigate the neural basis of
WM processes. Meta-analyses indicate that the WM network con-
sists of 6 reliably activated cortical regions (Owen et al. 2005;
Phillips et al. 2017): 1) bilateral rostral prefrontal cortex (rPFC)
including frontal pole (FP, BA 10), ventromedial prefrontal cortex
vmPFC, and orbitofrontal cortex (OFC, BA 11); 2) bilateral dIPFC
(BA 9, 46); and 3) bilateral ventrolateral prefrontal cortex (VIPFC) or
frontal operculum (BA 45,47); 4) bilateral medial posterior parietal
cortex (PPC), including the precuneus, and the inferior parietal
lobules (approximate BA7,40); 5) bilateral premotor cortex (BA 6,
8); and 6) dorsal cingulate/medial premotor cortex, including sup-
plementary motor area (SMA; BA 32, 6). The cerebellum is also
consistently activated during WM.

In contrast to the rich WM mTBI literature using fMRI, few
studies have used electromagnetic based techniques to assess
WM abnormalities in mTBI. Magnetoencephalography (MEG)
directly measures the electromagnetic aspects of neuronal
activity with excellent temporal resolution (milliseconds) and
high spatial resolution (~3 mm at the cortical level, versus cen-
timeters in EEG) (Leahy et al. 1998). The excellent temporal res-
olution of MEG also enables analysis of signals from different
frequency bands separately, rendering it a potentially powerful
technique for studying WM deficits in combat-related mTBI. To
our knowledge, there have been only a few EEG studies of TBI
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Table 1A Demographic characteristics and correct rates during N-back tests in the control and blast mTBI groups

Control, N = 20 mTBI, N =25 t-test MWU-test
Mean SD Mean SD P-value P-value
Age 27.95 3.85 26.76 5.75 0.412
Years of education 12.55 0.76 13.00 1.89 0.286
Months postinjury 10.36 7.21
1-Back correct rate (%) 98.12 1.97 96.81 2.65 0.08
2-Back correct rate (%) 90.45 5.07 88.72 6.20 0.34
3-Back correct rate (%) 80.01 5.23 76.95 6.15 0.09
1-Back reaction time (s) 0.479 0.084 0.630 0.145 <0.001*
2-Back reaction time (s) 0.629 0.139 0.742 0.177 0.02*
3-Back reaction time (s) 0.722 0.174 0.836 0.238 0.08

*Statistically significant (P < 0.05).

using WM protocols, and no MEG studies. Using EEG recordings
during a WM task, Bailey et al. (2017) showed higher gamma-
band connectivity in both subjects with TBI and major depres-
sive disorder (MDD) following TBI. In a separate EEG study that
examined the WM maintenance, parietal-occipital upper alpha-
band signals were also reduced in MDD and TBI-MDD groups, but
not in the TBI-only group (Bailey et al. 2014).

The present study used MEG to investigate neuronal mecha-
nisms underlying WM abnormalities in individuals with combat-
related mTBI. Participants included active-duty service members or
Veterans who had combat-related mTBI and healthy control active-
duty service members or Veterans with similar combat experiences.
Several moderm MEG preprocessing and source imaging approaches
were used to obtain source images of the WM responses in different
frequency bands. Based on previous studies, we predicted abnor-
mal MEG signals in the PFC of combat-related mTBI patients,
owing to the vulnerability of this region to blast and the key func-
tional roles that it plays in executive functions. Relationships
between MEG WM activations and measures of executive func-
tioning were also examined to determine the characteristics of
the abnormal MEG WM signals with respect to these deficits in
combat-related mTBI.

Methods and Materials

The study protocol was approved by institutional review boards
of the VA San Diego Healthcare System and Naval Health
Research Center at San Diego. All participants gave written
informed consent prior to study procedures. The informed con-
sent followed the ethical guidelines of the Declarations of
Helsinki (sixth revision, 2008).

Research Subjects

Demographic characteristics of participants are listed in Table 1A.
Study participants included 25 individuals (all males) who had a
chronic or subacute blast mTBI with persistent PCS for an average
duration of 10.36 months between the incident and MEG exam.
Participants with documented blast mTBI (based on corroborating
information available from charts) were US active-duty military
service members or Operation Enduring Freedom (OEF)/Operation
Iraqi Freedom (OIF) Veterans with injuries caused by blast expo-
sure during combat or military training. We also recruited 20
healthy control subjects (all males) with combat experience
(active-duty military service members or OEF/OIF Veterans), but
without significant history of concussion based on self-report.
There were no significant group differences in age or education.

All participants with mTBI were evaluated in a clinical inter-
view to assess the nature of their injuries and persistent PCS. The
diagnosis of mTBI was based in part on standard VA and
Department of Defense (DOD) diagnostic criteria (The Management
of Concussion/mTBI Working Group 2009): 1) loss of consciousness
(LOC) < 30 min or transient confusion, disorientation, or impaired
consciousness immediately after the blast-related trauma; 2) post-
traumatic amnesia (PTA) < 24 h; 3) an initial Glasgow Coma Scale
(GCS) (Teasdale and Jennett 1974) between 13 and 15 (if available).
Since the GCS assessment was often not available in theater, indi-
viduals with missing GCS, but who met other inclusion criteria,
were also enrolled. As for the duration of LOC in mTBI partici-
pants, 28% of participants reported that they were altered/dazed,
44% reported LOC for 1 minute or less, 24% reported 2-15 min LOC,
and 4% reported 15-30 min. Regarding the duration of PTA, 36% of
mTBI participants reported 0-15 min PTA, 52% reported 16-30 min
PTA, and 12% reporting 31 min—24 h PTA. The majority of partici-
pants experienced one mTBI (76%), with 20% reporting 2-3 mTBIs,
and 4% reporting 4-5 mTBIs. Few participants provided GCS infor-
mation since GCS was not recorded or accessible for most blast
mTBI participants who received their injury in theater.

The clinical interview also assessed persistent PCS and neuro-
logical deficits in 21 categories (Table 1B), modified slightly from the
Head Injury Symptom Checklist (HISC) (McLean et al. 1984). Only
participants with persistent symptoms in at least three of the cate-
gories were enrolled into the blast mTBI group. The number of PCS
endorsed ranged from 4 to 10 (mean = 6.56; standard deviation =
1.61). Table 1B lists the percentages of the mTBI participants and
controls that endorsed each symptom. Though controls were
asked about these symptoms, they did not endorse having a TBI.
Hence, symptoms in control subjects were unrelated to TBI.

Exclusion criteria for study participation were as follows:
1) history of other neurological, developmental or psychiatric
disorders (e.g., brain tumor, stroke, epilepsy, Alzheimer disease,
or schizophrenia, bipolar disorder, or diagnosis of learning dis-
ability); 2) diagnosis of either full or partial post-traumatic
stress disorder (PTSD) based on a Clinician Administered PTSD
scale score (CAPS) > 30 total score (Weathers et al. 1999), 3) diagno-
sis of MDD prior to the mTBI; 4) endorsement of substance or alco-
hol abuse according to DSM-V criteria within the 6 months
prior to the study, based on a clinical interview; 5) history of
metabolic or other diseases known to affect the central nervous
system (see (Dikmen et al. 1995) for similar criteria); 6) exten-
sive metal dental hardware (e.g., braces and large metal den-
tures; fillings were acceptable) or other metal objects in the
head, neck, or face areas that cause artifacts in the MEG
data, not removable during preprocessing; 7) currently taking
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Table 1B Percentage of subjects showing individual symptoms in

mTBI | control groups

Headaches Dizziness Fatigue
88.00% 5.00% 60.00% 5.00% 40.00% 10.00%
Memory Difficulty Irritability Anxiety
84.00% 15.00% 64.00% 15.00% 56.00% 0%

Trouble with sleep

Hearing difficulties

Blurred vision

other visual

difficulties
64.00% 5.00% 60.00% 10.00% 8.00% 0%
Personal Changes Apathy Lack of
spontaneity
20.00% 5.00% 4.00% 0% 0% 0%
Affective Lability Depression Trouble
concentrating
8.00% 5.00% 20.00% 5.00% 8.00% 0%
Bothered by noise Bothered by light Coordination/
balance
problems
0% 0% 4.00% 5.00% 16.00% 10.00%
Motor difficulty Difficulty with Numbness/
speech tingling
4.00% 0% 0% 5.00% 12.00% 0%

medications (e.g., some sedative neuroleptics and hypnotics)
known to alter the power of brain rhythms (Niedermeyer and
Lopes da Silva 2005); 8) suicidal ideation as evaluated using the
Beck Depression Inventory (BDI-II), that is, any participant
reporting a score of “2” or “3” on the BDI-II: item 9 (suicidal
thoughts or wishes), confirmed in follow-up risk assessment;
and 10) previous diagnosis of attention deficit hyperactivity dis-
order (ADHD) or learning disorders.

For mTBI participants who were taking medications that
might globally change brain activity such as neuroleptic seda-
tives, antidepressants, and hypnotics (Niedermeyer and Lopes
da Silva 2005), we sought permission from treating physicians
to discontinue the medications for 5 half-lives prior to MEG
exams. If the treating physician denied the request, the partici-
pant was not enrolled in the study. No controls were taking
medications. Past history of drug and alcohol use was asked
about in a detailed screening interview. Participants with previ-
ous substance abuse were excluded from the study. Participants
were asked to refrain from using alcohol or other substances the
night before the MEG scan.

Neuropsychological Exams

Neuropsychological tests focused on the assessment of execu-
tive functions [Kaplan Executive Function System (D-KEFS)
Trail Making Test and Verbal Fluency Test (Delis et al. 2001)],
and processing speed [Symbol Search and Digit Symbol Coding
subtests from the Wechsler Adult Intelligence Scale (WAIS)
(Wechsler 1997, 2008)], which are sensitive to cognitive decline
in mTBI (see cited references in (Robb Swan et al. 2015)). The
D-KEFS Trail Making Test has a visual scanning condition and
then requires participants to connect circles as quickly as
possible in numerical, alphabetical, and alternating numerical/
alphabetical orders. The alternating numerical/alphabetical
orders subtest was used as a measure of cognitive flexibility in
visual-motor sequencing. The D-KEFS Verbal Fluency Test
requires participants to generate words as quickly as possible
beginning with particular letters (Letter Fluency), in specified

semantic categories (Category Fluency) and then while shifting
between semantic categories (Category Switching) (Delis et al.
2001). The Trail Making and Verbal Fluency tests are sensitive
to subtle cognitive-shifting deficits. As for processing speed,
the WAIS Symbol Search subtest requires participants to scan a
target group and search a group of symbols, indicating whether
one of the target symbols appears in the search group. In the
WAIS Digit Symbol Coding subtest, the participant fills in boxes
below digits with symbols that are paired with them in a key at
the top of the page. Both of these subtests are timed. Scaled
scores from each subtest were combined to create an overall
Processing Speed Index. The WAIS III was administered to
most participants, although a subset of participants completed
the WAIS IV version. Sensitivity analyses were performed
removing the WAIS IV and the tests for group differences were
unchanged.

The above neuropsychological tests were embedded within
a larger test battery that was 2-2.5h in length. To ensure opti-
mal performance by participants, the testing battery was struc-
tured to include breaks and the psychometrists testing the
individual queried participants throughout the session about
fatigue, headaches, and other PCS to safeguard the participants
well-being and the quality of the data collected. All tests were
performed in a single session, within one week of the MEG/MRI
session. One participant was excluded from analyses of the
neuropsychological data owing to potentially invalid data as
indicated by the Test of Memory Malingering (Tombaugh 1996).
All scores were age-corrected scaled scores based on normative
data provided by the test publishers.

N-Back Working Memory Task

Participants underwent MEG recordings while performing an
N-back WM task. The task entails on-line monitoring, updating,
and manipulation of remembered information. During the task, the
participant was required to monitor a series of letters (both upper
and lower case) presented for 500 ms in the middle of the screen. A
fixation cross was presented during the 3000ms interstimulus
interval. The participant was instructed to respond only when a let-
ter was presented that matched (i.e., target) the one presented in
trials previously, while not to responding to the unmatched stimuli
(nontarget). Three load conditions were used (1-back, 2-back, and
3-back) (Fig. 1), which place increasing demands on WM processes.
About 50 trials per load condition were collected for each partici-
pant. Performance was recorded using an MEG-compatible
response pad, in which index finger blocks-and-unblocks a laser-
beam. The outputs of the response pad including reaction times
(RTs) were recorded in the MEG file. The percent correct responses
to target and nontarget stimuli was measured.

MEG Data Acquisition and Signal Preprocessing to
Remove Artifacts

MEG responses to the N-back WM task were collected using the
VectorView™ whole-head MEG system (Elekta-Neuromag, Helsinki,
Finland) with 306 MEG channels. Participants were seated in
upright position inside a multilayer magnetically shielded room
(IMEDCO-AG) (Cohen et al. 2002) at the UCSD MEG Center. Data
were sampled at 1000 Hz and were run through a high-pass filter
with a 0.1Hz cut-off, and a low-pass filter with a 330 Hz cut-off.
Eye blinks and eye movements were monitored using 2 pairs of
bipolar electrodes with one pair placed above and below the left
eye, and the other pair placed on the 2 temples. Heart signals
were monitored with another pair of bipolar electrodes. Precautions
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Variation in Task Load (N-back task)

Yes
M '

k| 1 3-Back
m

Yes

T 2-Back

Yes

Y M 1-Back

Figure 1. N-back working memory task.

were taken to ensure head stability; foam wedges were inserted
between the subject’s head and the inside of the unit, and a
Velcro strap was placed under the subject’s chin and anchored in
superior and posterior axes. Head movement across different ses-
sions was about 2-3 mm on average.

MEG sensor waveforms in raw (unaveraged) format were first
run through MaxFilter, also known as signal space separation
(Taulu, Kajola, et al. 2004; Taulu, Simola, et al. 2004; Song et al.
2008), to remove external interferences (e.g., magnetic artifacts
due to metal objects, strong cardiac signals, environment noises).
Next, residual artifacts near the sensor array due to eye move-
ments and residual cardiac signals were removed via Independent
Component Analysis using Fast-ICA (http://research.ics.aalto.fi/
ica/fastica/) (Hyvarinen 1999; Hyvarinen and Oja 2000). The wave-
forms associated with top independent components (ICs) were
examined by an experienced MEG data analyst, along with ECG
and EOG signals. ICs associated with eye blinks, eye movements,
heartbeats, and other artifacts were removed.

Structural MRI, MEG-MRI Registration, BEM Forward
Model for MEG

Structural MRI of the subject’'s head was collected using a
General Electric 1.5T Excite MRI scanner. The acquisition con-
tains a standard high-resolution anatomical volume with a reso-
lution of 0.94 x 0.94 x 1.2 mm?® using a T1-weighted 3D-IR-FSPGR
pulse sequence. Scanner-related imaging distortions were cor-
rected using a gradient nonlinearity correction approach (Jovicich
et al. 2006). To co-register the MEG with MRI coordinate systems, 3
anatomical landmarks (i.e., left and right preauricular points, and
nasion) were measured for each subject using the Probe Position
Identification system (Polhemus, USA). By identifying the same 3
points on the subject’s MR images using MRILAB (Elekta/Neuromag),
a transformation matrix involving both rotation and translation
between the MEG and MR coordinate systems was generated. To
increase the reliability of the MEG-MR coregistration, approxi-
mately 120 points on the scalp were digitized with the Polhemus

system, in addition to the 3 landmarks, and those points were
coregistered onto the scalp surface of the MR images. The
T1-weighted images were also used to extract the brain volume
and innermost skull surface (SEGLAB software developed by
Elekta/Neuromag). Realistic Boundary Element Method (BEM)
head model was used for MEG forward calculation (Mosher et al.
1999; Huang et al. 2007). The BEM mesh was constructed by tessel-
lating the inner skull surface from the T1-weighted MRI into ~6000
triangular elements with ~5mm size. A cubic source grid with
5 mm size covering cortical and subcortical GM areas was created.
Such a source grid was used for calculating the MEG gain (i.e.,
lead-field) matrix, which leads to a grid with ~10 000 nodes cover-
ing the whole brain. Then, the source grid was combined with the
BEM mesh in the MRI coordinate for the BEM forward calculation.

Other conventional MRI sequences typical for identifying
structural lesions in TBI participants were also performed:
1) Axial T2*-weighted; 2) Axial fast spin-echo T2-weighted; and
3) Axial FLAIR; These conventional MRIs were -carefully
reviewed by a Board-certified neuroradiologist (R.R.L.) to deter-
mine if the subject had visible lesions on MRI.

Covariance Matrix of Single Trials and MEG Source
Magnitude Imaging Using Fast-VESTAL

Following the preprocessing step, N-back MEG sensor-waveform
datasets were run through band-pass filters for different frequency
bands: alpha band (8-12Hz), beta band (15-30 Hz), gamma band
(30-80 Hz), and low-frequency band (1-7 Hz, delta + theta). Each
data set was then divided into trials, each with 2.5-s duration
(=500 to 1500 ms with respect to the stimulus onset). In the pres-
ent study, we focus on the trials associated with target stimuli.

Different from the conventional MEG approach in which
sensor waveforms are averaged with respect to the onset of the
stimuli, we calculated the sensor covariance matrices for individ-
ual trials. Then for each frequency band, a total sensor-waveform
covariance matrix of the target condition was calculated by aver-
aging across the covariance matrices from individual trials for the
target stimuli. We averaged the covariance matrices across trials.
This approach prevents potential signal cancellation across trials
due to nontime-lock nature of the WM signals (see Discussion).
Using the total covariance matrix, voxel-wise MEG source magni-
tude images that cover the whole brain were obtained for each
subject, and each frequency band, following the Fast-VESTAL pro-
cedure (see Method in (Huang, Huang, et al. 2014) and Appendix
in (Huang et al. 2016)). An Objective Prewhitening Method was
applied to remove correlated environmental noise and objectively
select the dominant eigen-modes of sensor-waveform covariance
matrix (Huang, Huang, et al. 2014).

Voxel-wise Group Statistical Analyses for MEG Source
Magnitude Images

In all participants, voxel-wise whole brain MEG source magnitude
images obtained from Fast-VESTAL were first spatially coregis-
tered to the MNI-152 (Grabner et al. 2006) brain-atlas template
using a linear affine transformation program, FLIRT, in the FSL
software package (Smith et al. 2004; Woolrich et al. 2009). Then in
MNI-152 space, the MEG source magnitude images were spatially
smoothed using a Gaussian kernel with 5mm full width half
maximum (FWHM), followed by a logarithmic transformation
using FSL. Next, voxel-wise group statistical analysis was per-
formed to detect group differences in brain activation during the
MEG N-back task.
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Figure 2. MEG hyper- and hypoactivations revealed by working memory N-back task in combat-related mTBI versus control subjects. MEG signals in 1-, 2-, and 3-back
conditions were treated as repeat measures. Different rows were for different frequency bands. White arrows: hyperactivations from rPFC; green arrows: hyperactiva-
tions from anterior aspect of dIPFC; orange arrows: hyperactivations from vmPFC and OFC. Magenta arrows: hypoactivations from ACC; blue arrows: hypoactivations

from posterior aspect of dIPFC.

For each frequency band, a voxel-wise repeated measure
ANOVA was performed to create F-value maps for examining the
group differences (i.e., mTBI vs. control groups), with 1-, 2-, and 3-
back conditions treated as repeated measures. Family-wise error
across voxels was corrected using standard cluster analysis for
the F-value maps to control for family-wise errors at a corrected
P < 0.01 level, using “3dFWHMx” and “3dClustSim” functions in
the latest version of AFNI (http://afni.nimh.nih.gov). A mask that
contained the statistically significant clusters was created, and
then applied to the F-value maps to create the corrected group
statistical maps for the MEG source magnitude images. In addi-
tion, performance measures (e.g., RT) that showed significant
group difference during the N-back task was correlated with the
voxel-wise MEG source magnitude in order to examine the rela-
tionship between the performance variables and MEG activations.

Another goal was to study the neuronal correlates of potential
cognitive dysfunctions observed using behavioral measures in
mTBI versus control subjects. Specifically, we investigated whether
inferior performance on the neuropsychological exams was asso-
ciated with abnormal activation during the N-back task in the
mTBI versus control groups. Voxel-wise correlation analyses were
also performed to examine the association of N-back source
images and neuropsychological scores. All subjects from both
mTBI and control groups were combined together for the correla-
tion analyses. In each frequency band, the MEG source images in
the MNI-152 space (following the spatial smoothing and logarithm
transformation) were formed into 3 4D datasets: Dimensions 1-3
represent the x-, y-, and z-coordinates, and the fourth dimension
represents all the subjects by combining both mTBI and control

groups together. A total of 12 datasets were created for 1-, 2-,
and 3-back conditions, and for 4 frequency bands. Next, along
the fourth dimension, voxel-wise repeated measure correlation
analyses (Bakdash and Marusich 2017) were performed between
MEG source images and each of the neuropsychological scores.
For each frequency band, the 1-, 2-, and 3-back conditions were
treated as repeated measures in such analyses. In this study, we
only examined the neuropsychological scores that showed statis-
tical group differences, an approach similar to our previous stud-
ies (Robb Swan et al. 2015; Huang et al. 2017). The repeated
measure correlation analyses created r-value correlation maps,
and cluster analysis was used to control for family-wise errors at
a corrected P < 0.01 level for the r-value maps, similar to the cor-
rection procedure for the F-value maps.

Results

Hyper- and Hypoactivations revealed by MEG Source
Magnitude Images in Combat mTBI

Table 1A shows performance accuracy for the target stimuli
during the N-back tests in the combat-related mTBI and control
groups. The percent correct responses decreased as task diffi-
culty increased from 1-back to 3-back in both groups. Due to a
ceiling effect, the percent correct responses did not follow the
Gaussian distribution. Therefore, the rank-based nonparamet-
ric Mann-Whitney U test (MWU) was used to assess groups dif-
ferences in accuracy. Though performances of the mTBI group
tended to be worse than the control group across all memory
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load conditions, no significant group differences were found in
the percent correct responses for any of the load conditions.

Table 1A also shows the mean RTs for correct responses
during the N-back tests in both groups. The mTBI group
showed significantly longer RTs than the control group for the
1-back and 2-back conditions, but not the 3-back condition,
which showed a nonsignificant trend for group differences.

Figure 2 displays the main findings of hyper- and hypoacti-
vations during the WM N-back task in the mTBI group relative
to the control group, for the target stimuli. Group differences
for the alpha, beta, gamma, and low-frequency bands are dis-
played in different rows. All the significant group findings are
summarized in Table 2 with respect to different cortical and
subcortical regions.

Abnormalities in frontal regions: Hyper activation refers to greater
activation in combat mTBI than in controls, and hypoactivation
to lower activation in combat mTBI than controls. Compared with
the controls, combat mTBI participants demonstrated hyperacti-
vations across all frequency bands in part of rostral prefrontal
cortex (rPFC), particularly in frontal pole (FP, Brodmann Area or
BA 10). The anterior aspect of the dorsolateral prefrontal cortex
(dIPFC, BA 9 and 46) and the ventromedial prefrontal cortex
(vmPFC) showed hyperactivations in alpha, beta, and gamma
bands for the mTBI group. In the gamma band, bilateral orbito-
frontal cortex (OFC) showed hyperactivations in mTBI group. In
contrast, mTBI participants showed hypoactivations in anterior
cingulate cortex (ACC, BA 24) mainly in the beta band, but to a
lesser extent in alpha and low-frequency bands as well. In addition,

Table 2 Brain areas showing hyper- (1) and hypo- (1) MEG activa-
tions for different frequency bands during working memory N-back
task in combat-related mTBI versus control subjects

Brain regions a B y 50
RFP 1 1 " R
R dIPFC, anterior 1 T 1

R dIpFC, posterior l

R vmmPFC 1 T 1

R OFC, posterior 1

R ACC 1 1 |
R temporal pole 1 1 1
R lateral temporal T

R parahippocampal gyrus l l

R medial occipital 1 1
R thalamus l

R cerebellum, anterior 1

R cerebellum, posterior 1 1
LFP T T 1 1
L dIPFC, anterior 1 1

L dIPFC, posterior 1 1
L vimPFC 1 1 )

L OFC, posterior T

L ACC l 1
L temporal pole 1 1 1

L lateral temporal 1

L medial occipital 1

L lateral occipital T

L insular cortex 1 i
L putamen 1 1
L globus pallidus 1 T
L cerebellum, posterior 1 1

The major clusters were highlighted in bold. Abbreviations: FP, frontal pole;
dIPFC, dorsolateral prefrontal cortex; vmPFC, ventrolateral prefrontal cortex;
OFC, orbitofrontal cortex; ACC, anterior cingulate cortex.

hypoactivation in the posterior aspect of the dIPFC was found
bilaterally in the gamma band and in the left hemisphere in
the low-frequency band.

MEG WM activations also showed abnormalities in other
brain regions. Abnormalities in Temporal Regions: In alpha, beta,
and gamma bands, temporal pole areas showed hyperactiva-
tions during the WM N-back task in combat-related mTBI ver-
sus control subjects. Lateral temporal areas also showed
hyperactivations in alpha band. In beta band, left amygdala
showed hyperactivations as well. In contrast, the right parahip-
pocampal gyrus showed hypoactivation in alpha and gamma
bands. Abnormalities in Occipital Regions: Medial occipital cortex
showed hyperactivations in beta and low-frequency bands,
whereas lateral occipital cortices showed hyperactivations in
alpha band. Abnormalities in Subcortical Regions: Left insular cor-
tex, putamen, and globus pallidus showed hyperactivations in
both beta and low-frequency bands. In gamma band, hypoacti-
vation was seen in right thalamus. Abnormalities in Cerebellum:
Posterior lobe of cerebellum showed hyperactivation in alpha
and low-frequency bands, whereas right anterior lobe of cere-
bellum showed hypoactivation.

Importantly, tests for group differences in the different fre-
quency bands were repeated using only the trials with correct
responses. The results from the group comparisons are dis-
played in the Supplementary Materials (Fig. S1). The group dif-
ferences based on the analyses of correct trials were highly
similar to the group tests that were based on all target trials
(Fig. S1 vs. Fig. 2). Some subtle differences are likely due to the
lower signal-to-noise ratio when the analyses are conducted
on fewer trials.

Activation Maps of the N-Back Tasks

Figure 3 shows the task activation maps for the target stimuli
in both the combat mTBI and control groups. In each group, the
MEG activations during N-back tasks were compared with
“empty room” MEG data, which were collected when no sub-
jects were in the MEG scanner. Repeated measures ANOVA
were used to assess the effect of the 1-, 2-, and 3-back MEG acti-
vation over the empty room data. In order to have sufficient
dynamic range for the color scale, we adopted highly conserva-
tive significance thresholds for the activation maps. Although
the activation maps in Figure 3 do not directly test for group
differences, marked differences between the mTBI and control
groups are evident in some regions upon visual inspection of
these maps. For example, the FP area clearly showed stronger
and more spatially distributed activations in the mTBI than in
the control group across all frequency bands (white arrows in
Fig. 3). In both groups, posterior parietal activation was strong
across all frequency bands. It is also interesting that both
groups showed activation in the posterior aspect of dIPFC with
apparently stronger activation in control group than in mTBI
group, especially in gamma and low-frequency bands (blue
arrows in Fig. 3). Activations maps in Figure 3 are highly consis-
tent with previous fMRI studies (see reviews in (Owen et al.
2005; Phillips et al. 2017)).

MEG Activations Correlate With RT

Correlations were conducted between the MEG WM activations
and RTs during the 1-back and 2-back conditions, in which the
mTBI group showed longer RTs than the control group. Only
MEG signals for the target trials with correct responses were
used in these analyses. The voxel-wise MEG source magnitude
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Figure 3. MEG activation maps during N-back tasks in combat-related mTBI versus controls. In each group, MEG activations were compared with “empty room” MEG
data using repeated measure ANOVA. White arrows: FP area clearly showed apparently stronger activations in mTBI group than in control group across all frequency
bands. Blue arrows: both group showed activation in the posterior aspect of dIPFC.

images from both combat-related mTBI and control subjects MEG activations significantly correlated with longer RTs. In the
were pooled together. As shown in Figure 4, the vast majority 1-back condition, RT positively correlated with: 1) alpha-band
of the significant correlations were positive, such that higher activations in bilateral FP, 2) beta-band activations in bilateral
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OFC, 3) gamma-band activations in bilateral FP and left pars
opercularis (BA 44, Broca’s area), and 4) low-frequency activa-
tions in left FP, anterior left dIPFC, and left hippocampus. In the
2-back condition, RT positively correlated with: 1) alpha-band
activations in the anterior left dIPFC and posterior left superior
temporal gyrus (Wernicke’s area); 2) beta-band activations in
the right inferior temporal lobe and anterior left dIPFC; 3)
gamma-band activations in the anterior left dIPFC, left primary
motor cortex, and left cuneal cortex; and 4) low-frequency acti-
vations in the left caudate and left primary motor cortex.

In the right panel of Figure 4, 3 representative scatter plots
from left FP (1-back alpha band), right OFC (1-back beta-band),
and mid-line FP (1-back gamma-band) areas show significant
positive correlations between MEG activation and RT in mTBI
and control subjects. For the data in these plots, the mTBI
group showed significant MEG hyperactivation (y axis) and
longer RTs (x axis) relative to the control group. Thus, slower
RTs in mTBI were associated with hyper activation in these
PFC areas.

1-back MEG correlates with RT

2-back MEG correlates with RT
—

Neuropsychological Test Performance

Table 3 shows the mean (SD) performances for each group on
the neuropsychological tests. The mTBI group performed signifi-
cantly worse than the control group on 3 of the measures,
namely Number-Letter Sequencing subtest of the Trail Making
Test, t(40.356) = 4.111, P = 0.000; Letter Fluency, t(39.309) = 2.105,
P = 0.042; and Digit Symbol Coding, t(38.568) = 2.458, P = 0.019.

Correlation Between MEG N-Back Activations and
Neuropsychological Performance

The left panel of Figure 5 displays the results of voxel-wise corre-
lation analyses that examined the neuronal correlates of WM
N-back source images in MEG and neuropsychological scores. The
voxel-wise MEG source magnitude images from both combat
mTBI and control subjects were pooled together, and repeated
measure correlations were performed with the 1-, 2-, and 3-back
conditions treated as repeated measures (see Methods and

O r=0.49, p=0.00064

Alpha-band MEG Activation (A.U.)

0.2 0.4 0.6 0.8 1 1.2
Reaction Time (s)

o76) r=0.56, p = 0.00007

Beta-band MEG Activation (A.U.)

0.2 0.4 0.6 0.8 1 1.2
Reaction Time (s)

r=0.52, p= 0.00022

Gamma-band MEG Activation (A.U.)

0.2 0.4 0.6 0.8 1 1.2
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Figure 4. MEG activations correlate with reaction time measures. Columns 1 and 2 in the left panel of show that MEG WM activations correlate with RT measure dur-
ing 1-back task. Columns 3 and 4 in the left panel show the MEG-RT correlation result during 2-back task. Right panel: 3 representative scatter plots showing significant
positive correlations between MEG activation and RT for mTBI (red stars) and control subjects (blue circles). The plots are for the 3 areas (a), (b), and (c) in which the
locations are indicated by white arrows in the left panel.
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Table 3 Neuropsychological test performance in the control and blast mTBI groups

Control, N = 20 mTBI, N = 25

Mean SD Mean SD P-value Cohen’s d
D-KEFS trail making test
Visual scanning 10.55 2.16 10.00 3.10 0.488 0.21
Number sequencing 10.40 2.90 10.64 1.68 0.744 —-0.10
Letter sequencing 11.30 2.52 10.08 2.02 0.087 0.53
Number-letter sequencing 11.25 1.45 8.88 2.39 0.000* 1.20
Motor speed 11.40 1.57 11.16 223 0.675 0.12
D-KEFS verbal fluency test
Letter fluency 10.90 3.18 8.96 294 0.042* 0.63
Category fluency 11.75 3.14 10.48 2.69 0.160 0.43
Category switching 11.40 2.50 9.88 2.83 0.063 0.57
WAIS
Symbol search 11.05 4.22 10.52 242 0.621 0.15
Digit symbol coding 10.45 2.80 8.48 2.50 0.019* 0.74
Processing speed index 103.90 17.08 96.92 11.72 0.129 0.48

*Statistically significant (P < 0.05).

Group differences on the measures reported in the table were tested using independent t-tests.
Neuropsychological analysis used scaled scores (mean=10, standard deviation = 3). The WAIS Processing Speed Index is the sum of the scaled scores of Symbol
Search and Digit Symbol Coding to create a composite standard score (mean = 100, standard deviation = 15).

Materials). We focused on the 3 neuropsychological tests that
showed significant group differences, namely, 1) Number-Letter
Sequencing subtest of the Trail Making Test (scaled score);
2) Letter Fluency (scaled score), and 3) Digit Symbol Coding (scaled
score). Figure 5 plots the findings for some representative regions.

Across all frequency bands, significant negative correlations
were found between activations in lateral aspects of the FP and
all 3 of the neuropsychological test scores. In the alpha band,
significant negative correlations were found between activa-
tions of the anterior right dIPFC and Number-Letter Sequencing
scores. In the gamma band, significant positive correlations
were found between left thalamus activations and Number-
Letter Sequencing scores.

Representative scatter plots from the lateral aspect of the FP
areas (Fig. 5) show significant negative correlations between
MEG activation and neuropsychological scores in mTBI and
control subjects. In these plots, the mTBI group showed signifi-
cant MEG hyperactivation (y-axis) and poorer performance in
neuropsychological exams (x-axis) relative to the control group.
These findings suggest that MEG hyperactivation in FP contrib-
uted to the poorer executive functions and processing speed in
mTBI patients.

Discussion

In the present study, aberrant activations during WM were revealed
for the first time in combat-related mTBI using MEG source mag-
nitude imaging. In comparison with a well-matched healthy
control group with combat exposures, the combat-related mTBI
group was predominantly characterized by hyperactivations in
areas of the prefrontal cortex including FP, dIPFC, vimPFC, and
OFC, but hypoactivations in ACC. In addition, MEG hyperactiva-
tions in FP, OFC, and anterior dIPFC were associated with slower
RTs during the WM task. Furthermore, MEG activations from the
lateral FP area were associated with worse performance on
neuropsychological tests that measure processing speed and
executive functions (i.e., letter sequencing, verbal fluency, and
digit symbol coding). These findings suggested that aberrant
neuronal activity in combat-related mTBI, especially in the prefrontal

cortex, was functionally significant, relating to individual differ-
ences in cognitive proficiency.

MEG PFC Abnormalities Consistency With Previous
fMRI Studies

The hyperactivations in different PFC regions, especially dIPFC,
during the N-back task were consistent with many previous fMRI
studies of WM in TBI (McAllister et al. 1999, 2001, 2006;
Christodoulou et al. 2001; Scheibel et al. 2003; Perlstein et al. 2004;
Kasahara et al. 2011; Turner et al. 2011; Medaglia et al. 2012; Gillis
and Hampstead 2015; Phillips et al. 2017). Hyperactivation of
the dIPFC in individuals with TBI may signify a stronger engage-
ment of cognitive-control processes that are involved in WM
(McAllister et al. 1999; Scheibel et al. 2003; Perlstein et al. 2004;
Turner et al. 2011; Medaglia et al. 2012; Gillis and Hampstead
2015; Phillips et al. 2017). Still, the nature of PFC hyper activation
remains debated (Gillis and Hampstead 2015) and may be due to:
1) a transient and natural recruitment of existing resources or
2) functional reorganization that results in the engagement of
neuronal resources that do not normally support WM perfor-
mance (Hillary 2011). Different mechanisms have been suggested
to explain such phenomena, such as compensatory mechanisms
that maximize cognitive functioning, a lowered threshold for
recruiting additional cognitive resources, and cognitive fatigue
(see (Hillary 2008, 2011) for reviews). Our results suggest over-
recruitment of the PFC in TBI may partly represent the unmask-
ing of latent resources.

MEG rPFC Hyperactivations and Their Functional
Correlates

Among all the abnormalities in the PFC, the profound hyper
activation in rPFC (mainly the FP, but also vmPFC, and OFC)
revealed by the present study suggests that the aberrant rPFC is
an important feature of combat-related mTBI. These findings
are consistent with current knowledge about the function of
the FP, which is engaged during more complicated tasks, for
example, when the application of one cognitive operation (such
as a rule) on its own is not sufficient to solve the problem as a
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Figure 5. Left panel: MEG N-back signals correlate with 3 neuropsychological scores in a combined group with combat-related mTBI and control subjects. Blue-cyan
color: significant negative correlations; red-yellow color: significant positive correlations. Right panel: 3 representative scatter plots showing significant negative corre-
lations between MEG activation and neuropsychological scores for mTBI (red stars) and control subjects (blue circles). The plots are for the 3 areas (a), (b), and (c) in

which the locations are indicated by white arrows in the left panel.

whole and the integration of the results of 2 or more separate
cognitive operations is required to fulfill the higher behavioral
goal (Owen et al. 2005). The N-back task is a perfect example of
such a procedure, requiring simultaneous monitoring of a
series of stimuli, ongoing adjustment of that information to
incorporate recently presented items and reject temporally dis-
tant stimuli, the drawing of comparisons, and the consequent
switching of attention between various items in the series.
Multiple related cognitive operations can only be carried out
successfully if they are coordinated, and the coordination of

information processing and information transfer between mul-
tiple operations across supramodal cortex is an important
aspect of BA10 function (Owen et al. 2005).

FP can be further divided into 2 subdivisions: the lateral FP1
and medial FP2. FP1 is involved in cognition, working memory
and perception (see review in (Bludau et al. 2014)) and is particu-
larly important for organized behavior, action planning, and the
management of multiple goals based on information from epi-
sodic and short-term memory (Bludau et al. 2014). In contrast,
area FP2 is mainly involved in emotional and social cognition
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(Bludau et al. 2014). These functional distinctions between the
lateral and medial FP are compatible with our findings that
aberrant FP (i.e., FP1) activation in mTBI was related to slower
WM (RT) and poorer processing speed and executive function-
ing. These results also provide compelling evidence to suggest
that the cognitive sequelae of combat-related brain injury is
largely due to altered FP functioning.

We are not aware of any previous fMRI studies of WM in TBI
reporting abnormalities in FP and other regions in rFPC. We
believe this is, at least in part, due to the substantial suscepti-
bility to artifacts in fMRI signals from the rPFC regions (Hutton
et al. 2002; Cusack et al. 2003). Distortions in rPFC regions (e.g.,
FP, vmPFC, and OFC) are usually about 10 mm or larger (Cusack
et al. 2003). Although a number of techniques have been used
to correct for such serious distortions (see review in (Cusack
et al. 2003)) the decrease in statistical power of the fMRI signal
remains a major concern. However, the absence of FP abnor-
malities in previous fMRI studies of WM may also be because
the vast majority of the research was not performed in combat-
related mTBI. That raises the question whether FP abnormalities
during WM are unique to combat-related mTBI participants.
Regardless of the underlying reasons, we believe that our finding
of profound hyperactivations in rPFC in combat-related mTBI is
a significant contribution to the mTBI functional imaging litera-
ture and also supports the sensitivity of MEG source imaging
task-activated protocols that engage more complex cognitive
operations.

Hypoactivation in ACC Region

In the present study we also found hypoactivation of the ACC
in combat-related mTBI in alpha, beta, and low-frequency
bands. This finding is consistent with previous fMRI studies in
TBI that also showed reduced ACC activation (Cazalis et al.
2006), although some fMRI studies of WM reported increased
ACC activation in TBI (Cazalis et al. 2011). We believe the incon-
sistency may be due to the differences in experimental condi-
tions of the studies (e.g., differences in WM stimuli such as
pictures versus letters, with spatial location information or not,
complexity in the stimuli). The exact role of the ACC in execu-
tive functions remains debated, with prominent theories sug-
gesting a role in cognitive control, including error detection,
conflict monitoring and adjustment, and/or task switching
(Botvinick et al. 2004; Kerns et al. 2004; Ullsperger and von
Cramon 2004; Carter and van Veen 2007; Hyafil et al. 2009;
Cazalis et al. 2011). Activity in the ACC is also described in rela-
tion to changes in effort, complexity, or attention (Callicott
et al. 1999; Owen 2000; Owen et al. 2005). Thus, in the present
study, it is possible that compared with our control subjects,
our participants with combat-related mTBI were not able to
activate the ACC as much, due to deficits in conflict monitoring,
attention, and complexity management, which may not have
been sufficiently engaged by our neuropsychological testing.

MEG Source Imaging Approaches Differ From the
Conventional Approaches

In the present study, we used several nonconventional approaches
in analyzing the MEG N-back responses. First, instead of the
conventional approach of trial-averaging for the MEG sensor
waveforms (Hamalainen et al. 1993), we calculated the covariance
matrix for each target trial and then averaged these single-trial
based covariance matrices to form an overall sensor waveform
covariance matrix. Such an approach is similar to the method we

used in analyzing resting-state MEG signals in mTBI (Huang et al.
2012, 2017; Huang, Nichols, et al. 2014).

The conventional approach of trial-averaging the sensor
waveform is designed to enhance the signal-to-noise ratio (SNR)
of the neuronal responses that are time-locked to the stimuli.
However, direct trial-averaging of the sensor waveform may
cause signal cancellations among different trials for those neu-
ronal responses that are not fully time-locked to the stimuli. We
believe the cognitive components of the N-back responses are
typically not fully time-locked to the stimuli (i.e., the onset of the
letters). In fact, the N-back responses may be on-going since
the brain needs to not only update, but also constantly main-
tain the WM information. Our single-trial-based covariance
matrix approach is impervious to the signal cancellation across
different trials. We believe this was the main reason that we
can, for the first time, reveal differences in activation during
WM in mTBI using MEG.

The application of Fast-VESTAL (Huang, Huang, et al. 2014) in
the present study is another important factor that allows the
detection of MEG WM deficits in mTBI. Fast-VESTAL can create
high-resolution MEG sources images for 100% correlated sources,
uncorrelated sources, and anywhere in between (Huang, Huang,
et al. 2014). Our findings of WM abnormalities in combat-related
mTBI further highlights the strength of this method.

Military Trainings and Blast Exposures

A strength of the present study was the use of a control group
who had combat exposure without experiencing brain injuries.
All military personnel undergo basic training, and attend infan-
try school for different lengths of time depending on their
future occupational specialty. Thus, the control group and
mTBI group would have had similar exposures to combat train-
ing and artillery training. We have recruited deployed military
controls with similar training and experience who most ade-
quately match on all levels of demographics. These controls
did not report any TBI incidence nor postconcussive symptoms
following any blast exposure. In future studies, we plan on
incorporating the QCuBe measure to collect further detail on
the blast exposure, including distance from blast and semi-
quantification of the immediate symptoms following blast
exposure (Petrie et al. 2014).

Additionally, all of these participants (mTBI and control)
have had resting-state MEG exams. Injured brain tissues gener-
ate a pathological low-frequency neuronal magnetic signal at
1-4Hz that can be measured by resting-state MEG. The auto-
mated MEG source imaging approach for localizing abnormal
low-frequency slow-waves in mTBI participants was about 90%
successful (Huang et al. 2012; Huang, Nichols, et al. 2014). For
the participants in this study, each of the mTBI participants
had abnormal low-frequency low waves during their resting
state session, while the military controls did not have the path-
ological slow waves.

Limitations and Conclusions

There are several limitations of the present study that warrant
consideration. First, the spatial resolution and localization accu-
racy of MEG are limited for subcortical areas. Second, although
we preprocessed the MEG data through both MaxFilter and ICA
to remove artifacts from the heartbeats, eye-movement, and
eye-blinks, the impact of residual artifacts may not be totally
negligible. Third, not excluding previous nonblast concussions
such as sport-, fall- or other concussions was another limitation
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of the present study. Despite these limitations, the present
study using MEG source imaging technique revealed aberrant
brain activations during performance of a WM task in indivi-
duals with combat-related mTBI. Compared with the controls,
combat mTBI participants showed hyper activation in FP, ante-
rior dIPFC, vmPFC and OFC areas, but hypoactivation in ACC. In
addition, MEG hyperactivations in FP, OFC, and anterior dIPFC
also positively correlated with longer RT during the WM tasks.
Furthermore, the MEG activations from the lateral aspect of the
FP area also negatively correlated with scores from neuropsy-
chological exams of executive functioning and processing
speed. To our knowledge, the abnormalities in FP have not been
reported previously in fMRI WM studies. The profound MEG
hyperactivations from FP and their association with cognitive
sequelae suggest that this region may be particularly vulnerable
to combat-related mTBI.

We believe that the main findings in the present study are
due to blast-induced TBI. For example, to our knowledge hyper-
activation in FP and anterior aspect of the dIPFC has not been
reported in previous WM neuroimaging studies in blast-induced
TBI. However, we cannot rule out the confounding factors of
previous concussions unrelated to blast. Future MEG studies
involving civilians with mTBI due to motor vehicle accidents,
sport injuries, and falls plus civilian controls without blast expo-
sure are needed to assess this issue. In the future we will also
be assessing the aberrant functional connectivity in mTBI using
MEG responses to the N-back stimuli, similar to our recent func-
tional connectivity study in mTBI using resting-state MEG
(Huang et al. 2017).

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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