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Magnetoencephalography Slow-Wave Detection
in Patients with Mild Traumatic Brain Injury
and Ongoing Symptoms Correlated
with Long-Term Neuropsychological Outcome

Ashley Robb Swan/*® Sharon Nichols;* Angela Drake®> AnneMarie Angeles,?
Mithun Diwakar? Tao Song? Roland R. Lee/ and Ming-Xiong Huang'™

Abstract

Mild traumatic brain injury (mTBI) is common in the United States, accounting for as many as 75-80% of all TBIs. It is
recognized as a significant public health concern, but there are ongoing controversies regarding the etiology of persistent
symptoms post-mTBI. This constellation of nonspecific symptoms is referred to as postconcussive syndrome (PCS). The
present study combined results from magnetoencephalography (MEG) and cognitive assessment to examine group dif-
ferences and relationships between brain activity and cognitive performance in 31 military and civilian individuals with a
history of mTBI+PCS and 33 matched healthy control subjects. An operator-free analysis was used for MEG data to
increase reliability of the technique. Subjects completed a comprehensive neuropsychological assessment, and measures
of abnormal slow-wave activity from MEG were collected. Results demonstrated significant group differences on mea-
sures of executive functioning and processing speed. In addition, significant correlations between slow-wave activity on
MEG and patterns of cognitive functioning were found in cortical areas, consistent with cognitive impairments on exams.
Results provide more objective evidence that there may be subtle changes to the neurobiological integrity of the brain that
can be detected by MEG. Further, these findings suggest that these abnormalities are associated with cognitive outcomes
and may account, at least in part, for long-term PCS in those who have sustained an mTBIL

Key words: executive functioning; magnetoencephalography (MEG); mild traumatic brain injury (mTBI); neuropsycho-
logical testing; postconcussive syndrome (PCS)

Introduction

OVER 1.7 MILLION TRAUMATIC BRAIN INJURIES (TBIs) are re-
ported in the United States every year, making TBI a signif-
icant public health concern."> TBI is graded by severity based on
initial injury variables, such as loss of consciousness. Severity of
brain injuries range from mild to severe, although 75-80% of TBIs
treated in hospitals are classified as mild. Given that many indi-
viduals with mild injuries do not seek immediate medical care,
incidence of mild TBI (mTBI) may be much higher.? The cause of
mTBI among civilians is varied and includes motor vehicle acci-
dents (MVAs), sport-related injuries, falls, and assaults. Blast ex-
posure represents an additional cause of mTBI among U.S. troops
in combat as part of ongoing military operations in the Middle East.

Large-scale postdeployment surveys have consistently reported
that 15-20% of service members may have suffered an mTBI
during deployment, the majority related to blast exposure.*
Although studies have indicated that acute symptoms of mTBI
resolve rapidly in most patients, some individuals with mTBI
continue to experience symptoms in the months and even years
after the initial injury.>™'> Debate about the etiology of these per-
sistent symptoms, referred to as postconcussive syndrome (PCS),
continues. Various studies that included neuropsychological testing
have reported reduced cognitive efficiency, especially on tests
measuring executive functioning, processing speed, attention, and
memory in patients with mTBI and persistent PCS.'*~'® However,
others have suggested that the observed impairments on neu-
ropsychological tests are of insufficient severity to be clinically

'Research Services, “Radiology Services, VA San Diego Healthcare System, San Diego, California.
*Department of Radiology, “Department of Neuroscience, University of California, San Diego, San Diego, California.
5Department of Community Health, National University, San Diego, California.
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significant.'”'® In addition, controversy exists as to whether the
persistent symptoms and cognitive impairments reported in some
studies are evidence of residual neuropathological effects of the in-
jury or are owing to motivational issues (i.e., secondary gain) or
psychological factors.'® Because conventional neuroimaging (com-
puted tomography or magnetic resonance imaging [MRI]) studies are
normal in most individuals with an mTBI, it is likely that this debate
will continue until more sensitive, objective measures of brain
function and structure are developed.’®> Variability in the case
definition of mTBI, differences in outcome measures, and a lack of a
validated diagnostic gold standard further complicate interpretation
of published studies and contribute to the continuing debate.?**’

One approach to resolving this controversy is to combine findings
from multiple tests in an attempt to improve diagnostic clarity and
investigate relationships between imaging- and performance-based
functional measures.”® By including new neuroimaging modalities
and results from neuropsychological testing, it may be possible to
provide objective evidence of long-term neuropathological changes
associated with mTBI. If a combination of tests and measures can
accurately identify individuals at risk for chronic symptomatology
early, timely and more accurate targeting of interventions may occur
to improve clinical outcomes among this subset of mTBI patients. In
addition, the use of highly sensitive measures of brain function will
help further elucidate potential neuropathological causes of PCS.
Ultimately, this approach can reduce the long-term functional and
economic effects of persistent PCS post-TBI by improving the reli-
ability and accuracy of diagnosis.

In 2007, Lewine and colleagues. analyzed results from clinical
neuroimaging studies, magnetoencephalography (MEG), single-
photon emission computed tomography (SPECT), and neu-
ropsychological testing in a study of a clinical sample of patients
with mTBI and PCS. Based on the results, they argued that subtle
changes in the neurobiological integrity of the brain may account
for PCS post-mTBI.>® Results from MEG were particularly in-
triguing because of potential effects of motivational and compen-
sation-related factors in this population. Whereas it is common to
utilize activation tasks to study cognitive domains, data from
“resting-state’” recordings from MEG and SPECT require no effort
from the participant and are thus less susceptible to motivational
influences. In addition, resting-state imaging can be used as a
passive measure of global integrity of the brain without a priori
knowledge regarding which regions of activation are related to
specific tasks.”® In Lewine and colleagues’ study, resting-state
measures of brain activity derived from MEG revealed abnormal-
ities of the electrophysiological integrity of the brain in a large
percentage of patients with persistent cognitive symptoms post-
mTBI. In fact, 86% of this sample demonstrated abnormalities on
resting-state MEG, compared to 40% with abnormalities on
SPECT, and only 18% showing changes on clinical MRI. Lewine
and colleagues also reported that MEG slow-wave abnormalities
correlated significantly with impairments on neuropsychological
tests. They found that temporal lobe slowing correlated with
memory impairments and decreased processing speed, parietal
slowing with attentional impairments, and frontal slowing with
impairments of executive functioning. However, the investigators’
ability to attribute these correlations to the injury was limited by the
lack of an uninjured control group. In addition, the approach from
Lewine and colleagues is based on a dipole modeling (>0.80
goodness of fit). Their approach did not fit MEG signal generated
from non- or multi-dipolar sources. In contrast, the VESTAL ap-
proach, developed and demonstrated by Huang and colleagues,
provides MEG source images for dipolar, multi-dipolar, as well as
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nondipolar sources.?’ The VESTAL approach can also resolve both
uncorrelated, as well as 100% temporally correlated, sources. An-
other difference between the approach from Lewine and colleagues
and the VESTAL approach is that VESTAL examines the total root
mean square (RMS) across an entire recording session, whereas the
approach from Lewine and colleagues focuses on a subset of the
data session with large sensor waveform magnitudes with a pre-
determined threshold (i.e., 200 {T for sensor waveform amplitude).

In 2012, Huang and colleagues utilized the novel MEG low-
frequency source imaging VESTAL approach in participants with
mild-to-moderate TBI.*° Using this approach, resting delta slow-
wave activity was examined in 45 participants with mTBI and
persistent PCS, 10 participants with moderate TBI and persistent
PCS, and 44 healthy controls (HCs). Abnormal delta slowing was
detected in 87% of participants with mTBI and 100% with mod-
erate TBI. This abnormal pattern of slowing was not found to be
present in any of the HC participants. Inclusion of neurologically
intact controls and use of an examiner-free method of data pro-
cessing provides objective evidence that this pattern of slow-wave
activity is not a normal variant. The number of cortical areas ex-
hibiting abnormal slow-wave activity was additionally correlated
with the number of reported symptoms that participants endorsed.
The results from the Lewine and colleagues and Huang and col-
leagues studies provide evidence that subtle electrophysiological
abnormalities may contribute to continued symptoms post-mTBI.

The current study extends the findings from the Lewine and
colleagues and Huang and colleagues studies. In addition, we aim
to further characterize the relationships between performance on
neuropsychological tests and slow-wave activity on MEG in par-
ticipants with mTBI and persistent PCS. Participants with mTBI
occurring at least 3 months before enrollment and reporting at least
three persistent PCS were included in the present analysis
(mTBI+PCS). HC participants with no history of TBI or other
neurological disorders affecting the brain were also recruited for
comparison. All participants completed a battery of standardized
neuropsychological measures and underwent a number of neuroi-
maging evaluations, including MEG, as part of their participation in
the study. Correlations between outcomes of slow-wave detection
using MEG and performance on neuropsychological measures
were calculated to examine regional changes in brain functioning.
Results from the neuropsychological evaluation were used to
compare cognitive performance of the mTBI+ PCS group to that of
the HC group. This study was designed to examine three primary
hypotheses: 1) Using a battery of standard neuropsychological
tests, performance of the mTBI+PCS group will be significantly
worse than the performance of a well-matched HC group; 2) slow-
wave activity, as measured by MEG, will be significantly correlated
with worse performance on neuropsychological measures; and 3)
abnormal slow-wave activity will be significantly correlated to
cortical regions known to mediate performance on the specific
cognitive measures.

Methods
Recruitment

Sixty-four participants were recruited as part of a larger cohort
study on TBI using standardized and approved subject recruitment
procedures.’>** A convenience sample of Veterans with mTBI
resulting from blast exposure, MVAS, or sports injuries were re-
cruited through primary care physicians and the Traumatic Brain
Injury Clinic at the Veterans Administration San Diego Health Care
System La Jolla. Active duty military participants with mTBI
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resulting from blast or accidents were recruited from the Defense
and Veterans Brain Injury Clinic at the Naval Medical Center San
Diego. A convenience sample of civilian participants with mTBI
were recruited through the University of California San Diego
Medical Center Trauma Clinic and through San Diego Sports
Medicine and Family Health Center. HC participants were re-
cruited from the local community by ads and flyers. The study
received institutional review board approval, and all participants
provided informed consent according to Veterans Affairs, Uni-
versity of California San Diego, and Naval Medical Research
Center requirements. The mTBI+PCS group was recruited first
and the HC group was matched to the clinical group on demo-
graphic characteristics of age, education, and gender. Table 1 dis-
plays participants’ demographic characteristics. The final sample
included 31 participants with a history of mTBI, with a mean age of
26.6 years (standard deviation [SD]=6.1) and a mean education
level of 12.8 years (SD=1.2). HCs constituted 33 participants in the
final sample with a mean age of 26.3 years (SD=8.3) and a mean
education level of 13.3 years (SD=1.5). The mTBI group included
90.3% male participants whereas the HC group included 93.9% male
participants, with Caucasian participants being the majority of both
groups. Of the mTBI group, 64% sustained injuries related to blast
injury during combat, 16% were injured in MVAs, and 19% sus-
tained sports-related injuries. The groups did not differ significantly
on age and years of education; however, because scores on the
Weschler Test of Adult Reading (WTAR; p values) and Personality
Assessment Inventory Anxiety Related Disorders Traumatic Stress
Subscale (PAI ARD-T; p values) differed significantly, these vari-
ables were used as covariates for further analyses.>""*

mTBI was defined by standard diagnostic criteria to include a
loss or altered state of consciousness for less than 15 min postinjury
or a period of post-traumatic amnesia of less than 24 h or a Glasgow
Coma Scale rating between 13 and 15.%** As part of the exclusion
criteria, all participants underwent a structural MRI (1.5T GE
scanner; GE Healthcare, Woburn, MA) with a standardized
TBI sequence, including a sagittal magnetization-prepared ra-
pid acquisition gradient echo, axial gradient-echo T2%*, axial
fluid-attenuated inversion recovery, axial T2, and axial diffu-
sion-weighted imaging (DWI). In order to address potential
confounds related to evidence of visible structural changes in
the brain (e.g., related to previous injuries), MRI results were
reviewed by a board-certified neuroradiologist. Results of the
MRI had to be negative for the participant to remain in the
mTBI+PCS or HC groups. In addition, available clinical MRI

TABLE 1. PARTICIPANT CHARACTERISTICS:
MTBI+PCS anDp HCs

Groups
mTBI+ PCS HC
M (SD) M (SD) p values

Group size 31 33
Gender (% male) 90.3 93.9
Handedness (% right) 93.5 93.9
Age at exam 26.6 (6.1) 26.3 (8.3) 0.894
Education 12.8 (1.2) 13.3 (1.5) 0.199
WTAR standard score 96.13 (16.4) 107.52 (12.59) 0.003
PAI ARD-T ¢ score 59.87 (13.05) 49.48 (10.26)  0.001

Days postinjury 97.4 (333.7) N/A

Demographic means and standard deviations are shown. p <0.05 is held
as significant.

mTBI+PCS, mild traumatic brain injury and postconcussive syndrome;
WTAR, Weschler Test of Adult Reading; PAI ARD-T, Personality
Assessment Inventory Anxiety Related Disorders Traumatic Stress Subscale;
HC, healthy controls; M, mean; SD, standard deviation; N/A, not applicable.

ROBB SWAN ET AL.

studies for the mTBI+PCS group conducted after the docu-
mented injury were examined and also had to be negative for
blood product for the participant to qualify for inclusion in the
study. Additional exclusionary criteria for all participants were
a past history of neurological or psychiatric disorders. Partici-
pants were also excluded if they were on medications, such as
neuroleptic sedatives, antidepressants, and hypnotics, that may
globally increase delta slow-wave activity.*’

All participants underwent a semistructured clinical interview
regarding health and neurological history, a battery of neu-
ropsychological tests, and neuroimaging evaluations, including
MRI and MEG, at the University of California San Diego Radi-
ology Imaging Lab. To address possible effects of effort and mo-
tivational factors on neuropsychological performance, the Test of
Memory Malingering (TOMM) was administered to all subjects.>*~*
In addition, patterns of performance and embedded indicators of
effort were examined. One participant was excluded from analysis
owing to questionable performance on the TOMM.

Neuropsychological tests

All neuropsychological tests were administered by trained
research associates. The results were scored, double scored, and
reviewed by a licensed neuropsychologist to maintain reliability.
All evaluations were administered in a single session in a quiet
room, within 1 week of the MEG and MRI scans. Tests were
selected to assess a number of cognitive domains.*® The WTAR
scaled score was used as an indicator of preinjury intellectual
functioning and is included in the demographic comparison.?!
The Personality Assessment Inventory (PAI) was administered
as a measure of psychiatric functioning.** As there are potential
effects of co-occurring post traumatic stress disorder on cogni-
tive tests, the PAI ARD-T t-score was included as a potential
covariate.>? The California Verbal Learning Test (CVLT-II) and
the Brief Visuospatial Memory Test (BVMT-R) were included as
measures of verbal and visual learning and memory.***' Atten-
tion, working memory, and concentration were measured using
the Letter/Number Sequencing and Digit Span subtests from the
Wechsler Adult Intelligence Scale, Third Edition (WAIS-III) and
the Connors Continuous Performance Test 11 (CPT-II).“’43 The
Delis-Kaplan Executive Function System (D-KEFS) Sorting,
Trail Making, Color-Word Interference, and Verbal Fluency sub-
tests were used to evaluate executive functioning.** Processing
speed was assessed with the WAIS-III Processing Speed Index
subtests of Symbol Search and Digit Symbol Coding.** Finally,
motor functioning was measured with the Grooved Pegboard.*’ Ao
Age-corrected scaled scores or ¢ scores from the test manuals were
used as dependent measures in the analyses.

Statistical analysis of neuropsychological tests

Standard statistical analysis software (SPSS 12.0 for Windows;
SPSS, Inc., Chicago, IL) was used for all neuropsychological data
analysis. In order to determine whether the groups were matched,
demographic, educational, and trauma-related anxiety character-
istics of the mTBI+PCS and HC groups were compared using a
univariate analysis of variance (ANOVA; see Table 1); character-
istics that differed significantly (p <0.05) were used as covariates
in further analyses. To protect against inflation of type 1 error rate,
differences between the mTBI and HCs on the means of 19 neu-
ropsychological dependent variables were evaluated using multi-
variate analysis of covariance (MANCOVA), followed by a series
of univariate analyses of covariance (ANCOVAs) to establish
which tests accounted for any significant effect found with the
MANCOVA.*” Whereas data were collected for 22 different neu-
ropsychological dependent variables, owing to 5 participants not
completing the BVMT-R and D-KEFS Sorting subtests, and the
high collinearity between the CVLT long-delay free recall variable
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TABLE 2. NEUROPSYCHOLOGICAL TEST SCORES IN ANCOVA ANALYSIS
mTBI+ mTBI+
Uncorrected means PCS vs. HC PCS vs. HC
mTBI + HC M Uncorrected ANCOVA Significant
Neuropsychological measure PCS M (SD) (SD) Cohen’s d p values effect sizes 11,,2
WASI Verbal 1Q 1024 (13.8)  111.8 (13.7) —0.684 0.285 NS
WASI Performance 1Q 110.4 (12.0)  108.9 (14.0) 0.115 0.245 NS
CVLT-II 1-5 Free Recall ¢ score 52.61 (8.5) 55.67 (8.3) -0.364 0.494 NS
CVLT-II Short Delay Free Recall z-score 0.24 (0.9) 0.65 (0.7) -0.509 0.039 0.069
CVLT-II Long Delay Free Recall z-score 0.03 (0.9) 0.45 (0.9) -0.467 0.158 NS
WAIS-III Letter/Number Sequencing Scaled 9.9 (2.1) 10.8 (1.9) —0.449 0.893 NS
WAIS-III Digit Span Scaled 10.7 2.7) 10.9 (2.3) —0.080 0.691 NS
CPT Inattention Omissions t-score 58.4 (34.0) 57.0 (32.7) 0.042 0.893 NS
CPT Inattention Commissions t-score 49.6 (6.6) 46.6 (9.1) 0.378 0.261 NS
D-KEFS Trails Number Letter Sequencing Scaled 8.9 (2.4) 11.27 (2.3) —1.008 0.003*** 0.138
D-KEFS Color-Word Interference Inhibition Scaled 9.16 (2.1) 11.64 2.4) —1.100 0.004%** 0.132
D-KEFS Color-Word Interference 8.9 (2.6) 10.4 (2.5) —0.588 0.072 NS
Inhibition/Switching Scaled

D-KEFS Verbal Fluency Letter Fluency Scaled 8.9 (2.3) 11.9 2.7) -1.196 0.0027%%** 0.152
D-KEFS Verbal Fluency Category Fluency Scaled 10.7 (3.2) 12.8 (2.6) -0.720 0.091 NS
D-KEFS Verbal Fluency Category Switching Scaled 9.7 (2.6) 11.0 (2.5) -0.510 0.477 NS
WAIS-IIT Symbol Search Scaled 11.6 2.4) 12.6 (3.2) -0.354 0.314 NS
WAIS-III Digit Symbol Coding Scaled 9.2 (2.5) 11.7 (2.6) —-0.980 0.004%** 0.132
Grooved Pegboard Dominant Hand Scaled 9.7 (2.0) 9.7 (2.5) 0.000 0.474 NS
Grooved Pegboard Non-Dominant Hand Scaled 10.0 (2.3) 9.8 (2.9) 0.344 0.569 NS

Neuropsychological test scores comparing mTBI+PCS and HC groups with uncorrected means, standard deviations, and Cohen’s d as well as
corrected ANCOVA adjusted analysis (p values) and significant main effects (npz).

*#%p values indicating significance in ANCOVA adjusted analysis with FDR corrected p<0.004. NS=no significant main effects found. All
standardized scores are corrected for age and education level.

ANCOVA, analysis of covariance; WASI, Wechsler Abbreviated Scale of Intelligence; CVLT-II, California Verbal Learning Test; WAIS-III,
Wechsler Adult Intelligence Scale, Third Edition; CPT, Connors Continuous Performance Test; D-KEFS, Delis-Kaplan Executive Function System;
mTBI+PCS, mild traumatic brain injury and postconcussive syndrome; HC, healthy controls; M, mean; SD, standard deviation.

of the CVLT-II with the other two CVLT-II variables, four vari-
ables were removed from the MANCOVA analysis. Box’s Test of
Equality of Covariance Matrices was used to make sure that the
covariance matrices of the dependent variables between the two
groups were equal. Pearson’s correlations between the dependent
variables were performed to test the MANCOVA assumption that
the dependent variables would be correlated with one another in the
moderate range (0.20—0.60).48 The Partial Eta Squared, 11[,2, effect
size was calculated for the adjusted analyses. Family-wise error
rate was addressed using false discovery rate (FDR) correction for
multiple comparisons, with resulting p value significance level
calculated at p <0.004.*° A list of the 18 variables included in the
MANCOVA analysis can be found in Table 2 because those vari-
ables were also included in the ANCOVA analysis. The CVLT

long-delay forced choice variable is included in Table 2, but was
not a part of the MANCOVA analysis owing to its high collinearity
with the other CVLT variables.

Magnetoencephalography data acquisition,
processing, and analysis

MEG data were acquired during three 4-min resting-state
(spontaneous recording for detecting low-frequency MEG signals),
eyes-closed sessions for all participants with an Elekta/Neuro-
mag™ whole-head MEG system (VectorView; Elekta Neuromag,
Helsinki, Finland) with 204 gradiometers and 102 magnetometers
in a magnetically shielded room (IMEDCO-AG, Higendorf,
Switzerland).>® Participants were instructed to keep their eyes

>
FIG. 1. Images are displayed right on left, using the Harvard-Oxford Cortical Structural Atlas from FSL 4.1.3 for reference. Dark blue
regions focused on in (a)—(i) demonstrate significant regions that have passed false discovery rate (FDR) correction (indicated by green
arrow) associated with a negative correlation between slow-wave root mean square (RMS) amplitude and performance on Delis-Kaplan
Executive Function System (D-KEFS) Color Word Interference Inhibition Scaled (i.e., poorer performance on task with higher slow-
wave amplitudes). Teal regions surrounding the dark blue regions indicate where an additional cluster analysis was performed to
confirm the regions that passed FDR correction. Red regions focused on in (j)—(I) demonstrate significant regions that have passed FDR
correction (indicated by green arrow) associated with a positive correlation between slow-wave RMS amplitude and performance on D-
KEFS Color-Word Interference Inhibition Scaled (i.e., better performance on tasks with a higher slow-wave amplitude). Yellow regions
surrounding the red regions indicate where an additional cluster analysis was performed to confirm the regions that passed FDR
correction. (a) Right superior/middle frontal gyrus (r=0.511). (b) Right frontal pole (r=0.462). (¢) Right anterior cingulate gyrus
(r=0.472). (d) Bilateral inferior parietal lobe (parietal operculum and supramarginal gyrus), left (r=0.570) and right (r=0.520). (e)
Bilateral planum temporale and Heschl’s gyrus, including H1 and H2, left (r=0.475) and right (r=0.567). (f) Right precuneous cortex
and cingulate gyrus (r=0.547). (g) Right insular cortex (r=0.492). (h) Bilateral hippocampus and parahippocampal gyrus left
(r=0.452) and right (r=0.489). (i) Left temporal fusiform/inferior temporal gyrus (r=0.507). (j) Bilateral superior parietal lobe left
(r=0.452) and right (r=0.489). (k) Left frontal pole (r=0.572). (I) Left middle temporal gyrus (r=0.488). Color image is available
online at www.liebertpub.com/neu
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closed and empty their minds. Electrooculography electrodes were
used to detect eye blinks and eye movements. Electrocardiography
electrodes were used to detect cardiac motion artifacts. Data were
recorded spontaneously at 1000 Hz, with no signal averaging. To
increase the likelihood that subjects would be alert during the MEG
recordings, participants were given a questionnaire asking how
many hours they slept the previous night, how rested they felt, and
if there was any reason that they were not attentive and performing
to the best of their abilities (owing to headache, pain, and so on);
participants were rescheduled as necessary. In addition, eyes-
closed sessions alternated with eyes-open sessions, during which
MEG technicians were able to monitor eye blinking and closing as
an indicator of subjects’ cognitive alertness. During the session,
MEG technicians could also monitor the amount of alpha-band
oscillation, which is consistently associated with tonic alertness.
Finally, MEG technicians were able to view participants using a
nonrecording video camera during sessions to monitor level of
alertness as well as safety.

After data collection, data were processed by MaxFilter to re-
move environment noise.’’™* A Realistic Boundary Element
Method head model was used for MEG forward calculation.>>-
The BEM mesh was constructed by tessellating the inner skull
surface from the T1-weighted MRI into ~ 6000 triangular elements
with ~5-mm size. A cubic source grid with 5-mm size was used for
calculating the MEG gain (i.e., lead-field) matrix, which leads to a
grid with ~7000 nodes covering the cortical and subcortical gray
matter of the whole brain. Registration of MRI and MEG was
performed using data obtained from the Polhemus Isotrak system
before MEG scanning (Polhemus, Colchester, VT). MEG data were
then band-pass filtered for 1-6 Hz, mainly focusing on the delta
band. Source reconstruction of each session for each subject was
performed using the Frequency-Domain VESTAL approach.®*>7=8
RMS amplitude per grid point was then computed for each subject
and saved in a three-dimensional Nifty format file, which was then
interpolated into 1x1x 1 images in native MR coordinates. RMS
reconstructions in native scanner space were then smoothed (5-mm
gaussian kernel) and averaged across all sessions for each subject.
The averaged and smoothed set of activities was subsequently
transferred to MNI 152 space for each subgect using FLIRT reg-
istration with the FSL software package.’>® The resulting recon-
structions in MNI space were then correlated (voxel-by-voxel,
1 x1x1 size) across subjects with neuropsychological measures
that displayed significant group differences. Uncorrected p values
were then corrected using FDR correction for multiple compari-
sons.*” Masks generated from voxels surviving FDR multiple
comparisons across voxels were applied to the R-value volumes for
each neuropsychological measure, and surviving voxels of the FDR
correction are displayed in the figures shown. An additional clus-
tering analysis was performed to confirm that the voxels that sur-
vived FDR correction were members of larger clusters, rather than
rogue events. In the additional cluster analysis that corrected
multiple comparisons across voxels, the size of the cluster for the
corrected p<0.05 was determined by the AlphaSim program in
AFNI. Each reported correlation that had an FDR corrected also
was confirmed to be in a cluster of size >150 voxels with a
p<0.05.%!

Data processing stream for statistical analysis

Results from the cognitive assessments of the mTBI+PCS and
HC groups were compared to determine whether there were any
differences between groups. Once the final univariate analysis was
performed on specific neuropsychological dependent variables,
those showing significant group differences were selected for in-
clusion in a MEG correlational analysis, in order to determine
whether slow-wave RMS amplitude correlated with performance
on neuropsychological tests, particularly in regions known to me-
diate performance on specific cognitive measures.
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Results
Cognitive functioning

A major aim of this study was to determine whether participants
with a history of mTBI and PCS lasting for at least 3 months
postinjury would show worse performance than controls on a bat-
tery of cognitive tests. Before performing the MANCOVA, a
Pearson’s correlations matrix was generated and showed a mean-
ingful pattern of correlations, with many of the variables moder-
ately correlated with one another (r value between 0.20 and 0.60),
suggesting the appropriateness of a MANCOVA.*®

The Box’s M value of 271.787 was associated with a nonsig-
nificant p value of 0.195, also supporting appropriateness of
MANCOVA. A MANCOVA with group as the independent vari-
able and scores from the neuropsychological tests as the dependent
variables yielded a statistically significant main effect for group
(Wilks’lambda=0.515; F(;543)+2.249; p <0.05; partial 112=O.485),
with the mTBI+PCS participants performing worse than the demo-
graphically matched controls. The effect size of 0.485 suggests that
48.5% of the canonically derived dependent variable was owing to
group membership.

Post-hoc comparisons (Table 2) revealed statistically significant
group differences on the following measures from the D-KEFS with
the mTBI+PCS group showing worse performance: the D-KEFS
Trail-Making subtest Number Letter Sequencing scaled score
(F(1,60y=9.631; p=0.003; ;1p2=0.138), the D-KEFS Color-Word
Interference subtest Inhibition scaled score (F(j60)=9.125; p=
0.004; np2=0.132) and the D-KEFS Verbal Fluency subtest Letter
Fluency scaled score (F(j¢0)=10.778; p=0.002; np2=0.152).
There was also a nonsignificant trend toward significance on
the D-KEFS Color-Word Interference subtest Inhibition Switch
scaled score (F(; 60)=3.346; p=0.072) with effect (np2=0.053).
In addition, performance of the groups differed significantly for
a task measuring processing speed, the Digit Symbol Coding
subtest (WAIS III; (F(; 60)=9.085; p=0.004; npz =0.132).

There was limited evidence of any group differences on measures
of learning and recall, although differences in group performances
on the CVLT-II Short Delay Free Recall trial were suggestive of a
trend, with the mTBI+PCS group showing worse performance
(F(1,60y=4.461; p=0.039) with a nonsignificant effect (np2=0.069).
There were no further group differences found in the neuropsycho-
logical variables. Mean performance of both groups on all measures
fell within the average to high average range (see Table 2).

Magnetoencephalography data correlational results

The neuropsychological variables showing significant group
differences or trends toward significance were correlated with the
results from the MEG slow-wave evaluation. These variables
included: D-KEFS Trail Making Number Letter Sequencing
scaled score; D-KEFS Color-Word Interference Inhibition scaled
score and Inhibition Switch scaled score, D-KEFS Verbal Fluency
Letter Fluency scaled score; WAIS-III Digit Symbol Coding
scaled score; and, finally, the CVLT-II Short Delay Free Recall z-
score. Rogue slow waves can be found to occur rarely in HC
participants, though not at the frequency and amplitude reported
in previous studies of mTBI patients. In order to address this
potential issue, the MEG data from all healthy controls were also
run through the MEG correlational analysis paradigm and no
significant correlations were found.

Results of the correlational analysis are shown in Figures 1-3.
Images are all in radiological convention and displayed as right on
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FIG. 2. Images are displayed right on left, using the Harvard-Oxford Cortical Structural Atlas from FSL 4.1.3 for reference. (a)—(c)
demonstrate significant regions (dark blue false discovery rate corrected region surrounded by additional Teal cluster analysis, indicated
by green arrow) associated with a negative correlation between slow-wave root mean square amplitude and performance on Delis-
Kaplan Executive Function System (D-KEFS) Trail Making Number Letter Switching Scaled (i.e., poorer performance on task with
higher slow-wave amplitudes). (a) Right frontal pole (r=0.630). (b) Left frontal pole (r=0.546). (¢) Right precentral gyrus (r=0.540).

There were no positive correlations for this task. Color image is available online at www.liebertpub.com/neu

left. Three of the variables were found to have significant corre-
lations between the slow-wave RMS amplitude and the mTBI
population test scores. The structural locations were obtained using
the Harvard-Oxford Cortical Structural Atlas from FSL 4.1.3.5276¢

Figure la—i demonstrates regions associated with a significant
negative correlation (r value) between slow-wave RMS amplitude
and performance on D-KEFS Color Word Interference Inhibition
scaled score (i.e., poorer performance on task with higher slow-
wave amplitudes). Figure la—c demonstrate significant negative
correlations found in the frontal lobes with Figure 1a displaying the
right superior/middle frontal gyrus (r=0.511), Figure 1b displaying
the right frontal pole (r=0.462), and Figure 1c displaying the right
anterior cingulate gyrus (r=0.472). Figure 1d shows significant

negative correlations in the bilateral inferior parietal lobe (parietal
operculum and supramarginal gyrus) with a left » value of 0.570
and a right r value of 0.520. Figure le demonstrates negative cor-
relations found in the bilateral planum temporale and Heschl’s
gyrus, including H1 and H2, with a left r value of 0.475 and a
right r value of 0.567. Figure 1f displays the negative correlation in
the right precuneous cortex and cingulate gyrus (r=0.547). Figure
1g displays right-side negative correlation in the insular cortex
(r=0.492). Figure 1h demonstrates significant negative correla-
tions in the bilateral hippocampus and parahippocampal gy-
rus (left, 7=0.452; right, r=0.489). The final negative correlation
was found in the left temporal fusiform/inferior temporal gyrus
(r=0.507) and is shown in Figure li.

FIG. 3.

Images are displayed right on left, using the Harvard-Oxford Cortical Structural Atlas from FSL 4.1.3 for reference. (a)

demonstrates a significant region (dark blue false discovery rate (FDR) corrected region surrounded by additional Teal cluster analysis,
indicated by green arrow) associated with a negative correlation between slow-wave root mean square (RMS) amplitude and perfor-
mance on Wechsler Adult Intelligence Scale (WAIS) Digit Symbol Coding Scaled (i.e., poorer performance on task with higher slow-
wave amplitudes). (a) Right middle temporal gyrus/inferior temporal gyrus (r=0.568). (b)—(d) demonstrate significant regions (red FDR
corrected region surrounded by additional yellow cluster analysis, indicated by green arrow) associated with a positive correlation
between slow-wave RMS amplitude and performance on WAIS Digit Symbol Coding Scaled (i.e., better performance on tasks with a
higher slow-wave amplitude). (b) Left superior parietal lobe/postcentral gyrus (r=0.556). (¢) Right precentral gyrus (r=0.577). (d) Left
frontal pole (r=0.540). Color image is available online at www.liebertpub.com/neu
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Figure 1j-1 demonstrate regions associated with a significant
positive correlation between slow-wave RMS amplitude and per-
formance on D-KEFS Color-Word Interference Inhibition scaled
score (i.e., better performance on tasks with a higher slow-wave
amplitude), an unexpected finding. Figure 1j shows the bilateral
superior parietal lobes (left, r=0.452; right, r=0.489). Figure 1k
demonstrates a small area of correlation in the left frontal pole
(r=0.572) and, finally, Figure 11 shows a small area of correlation
found in the left middle temporal gyrus (r=0.488).

Displayed in Figure 2a—c are statistically significant regions
associated with a negative correlation between slow-wave RMS
amplitude and performance on D-KEFS Trail Making Number
Letter Switching scaled score. Figure 2a shows correlation in the
right frontal pole (r=0.630. Figure 2B displays a cluster in the left
frontal pole (r=0.546) and, finally, Figure 2c demonstrates a
cluster in the right precentral gyrus (r=0.540). There are no sig-
nificant clusters with a positive correlation between slow-wave
RMS amplitude and neuropsychological testing performance for
this task.

Displayed in Figure 3a, a small, yet significant, region associated
with a negative correlation between slow-wave RMS amplitude
and performance on WAIS Digit Symbol Coding scaled score is
shown in the right middle temporal gyrus/inferior temporal gyrus
(r=0.568. Figure 3b—d demonstrates regions associated with a
significant positive correlation between slow-wave RMS amplitude
and performance on WAIS Digit Symbol Coding scaled score.
Figure 3b indicates a significant cluster found in the left superior
parietal lobe/postcentral gyrus (r=0.556). Figure 3c demonstrates a
significant cluster found in the right precentral gyrus (r=0.577)
and, finally, Figure 3d shows a significant cluster in the left frontal
pole (r=0.540).

Discussion

In the present study, our results indicate significant cognitive
differences between participants exhibiting persistent PCS post-
mTBI and HCs. In addition, though utilizing an objective approach,
we were able to correlate abnormal MEG slow-wave activity to
performance on the significant cognitive tests. The fundamental
importance of this study is the results of the correlations between
cognitive performance measures and MEG slow-wave imaging
results that help to provide evidence of the neurobiological un-
derpinnings of mTBI with lasting PCS. Results of this study were
consistent with the previous neuropsychological studies and the
integrated neuropsychological and imaging approach utilized in the
Lewine and colleagues study.'*'®?® These results support our
hypotheses that neuropsychological differences would be found
between a group with lasting PCS post-mTBI and that significant
correlations would be found between neuropsychological measures
that display significance between the two groups and MEG slow-
wave activity relational to specific neural coordinates associated
with the neuropsychological measures utilized.

Despite a multitude of studies examining clinical outcomes post-
mTBI, there is continued controversy about the underlying cause of
persistent symptoms. Researchers have suggested that noninjury
variables (i.e., psychiatric history, emotional status, gender, and
motivational factors) may contribute to the development of long-
term symptoms and disability post-mTBI. The diagnosis of mTBI
is, by definition, associated with normal results on clinical neu-
roimaging studies; the resulting lack of a biological gold standard to
reliably diagnose mTBI has contributed to diagnostic confusion
and to the perception that persistent symptoms post-mTBI are un-
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related to changes in brain structure or function. To further com-
plicate controversy over origins of persistent symptoms, previous
studies of mTBI have used variable diagnostic criteria and many
have serious methodological limitations (e.g., small sample size,
lack of control groups, biased sampling, and variability in the time
postinjury).

Recently, researchers have observed subtle electrophysiological
abnormalities in mTBI patients on measures of resting state slow-
wave activity using MEG. These studies provide some of the most
objective evidence that mTBI contributes to changes in brain
function.?®>° The current study further characterizes abnormalities
in slow-wave activity post-mTBI in a group of patients with
symptoms lasting 3 months or longer. We examined the relation-
ship between performance on a standardized battery of cognitive
tests and abnormalities in slow-wave activity as measured by MEG
using data processing techniques recently developed in our lab. The
results from both the neurocognitive and MEG evaluations were
also compared to those of healthy matched controls to determine
the pattern and level of functioning in the mTBI+PCS group.

A battery of standardized and validated neuropsychological tests
was selected to assess a range of cognitive abilities, changes in
which have been associated with TBI, including learning and
memory, attention, executive functioning, and motor speed.*® A
MANCOVA comparing group performance on the cognitive bat-
tery revealed that the mTBI+PCS group performed worse overall
than the HC group, even when differences in anxiety and premorbid
verbal functioning were taken into consideration. Follow-up AN-
COVAs revealed that the mTBI+PCS group performed worse,
specifically on complex timed measures of cognitive flexibility,
inhibition, working memory, and initiation, in addition to proces-
sing speed. These tests are highly sensitive to injury to the frontal
and subcortical regions of the brain, particularly in the dorsolateral
frontal cortex. It should be noted that, despite group differences, the
level of performance of the mTBI+PCS group was not within the
clinically impaired range. However, these group differences are
consistent with those documented in previous studies of mTBI
neuropsychological impairments.'® Further, performance on these
measures that is decreased from premorbid levels may help explain
many of the principal symptom complaints from our mTBI+PCS
group, such as mental fatigue, subjective slowness in cognitive
processing, and difficulty multi-tasking, and may result in lowered
functioning, particularly in challenging situations. D-KEFS subtests
have been routinely utilized to assess various aspects of executive
functioning, and because the test was designed to be challenging and
involves speeded performance, it may have greater sensitivity to mild
brain damage.®” The differences between our mTBI population and
control population suggests that subtle deficits in processing speed,
cognitive flexibility, or other higher order cognitive processes are
associated with persistent symptoms post-mTBI.

It is important to note that there were no significant differences
on tests of pure motor speed (D-KEFS Trailmaking Motor Speed,
Grooved Pegboard), indicating that the differences on speeded tests
were not owing to motor slowing. It is also important to note that
there were no differences between the groups on a timed word
reading task (D-KEFS Color-Word Interference Word Reading
scaled score) nor any difference between groups on color naming
(D-KEFS Color-Word Interference Color Naming scaled score),
indicating that the differences were not owing to reading or scan-
ning speed. In addition, groups were well matched on measures of
general intellectual functioning, (i.e., the WAIS III VIQ and PIQ),
suggesting that group differences did not result from global im-
pairments or pre-existing intellectual differences. There were no
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significant group differences on tests of learning and memory, al-
though there was a trend toward significance on the Short Delay
Free Recall score on the CVLT.

After detection of significant differences between mTBI patients
with persistent symptoms and HC participants on neuropsychologi-
cal tasks, an additional aim of the study was identifying relationships
between cognitive tests that showed group differences and regions of
the brain that exhibited slow waves. Analyses showed significant
FDR multiple comparison corrected correlations for variables from
both the executive function tasks and the processing speed tasks with
multiple areas of the brain. Further, an additional cluster analysis was
also performed for correcting multiple comparisons across voxels.
The size of the cluster for corrected p <0.05 was determined by the
AlphaSim program in AFNL®!

Both executive function tasks that showed group differences, D-
KEFS Color Word Interference Inhibition and Trail Making
Number Letter Switching, had significant correlations with slow
waves in the frontal lobes, specifically the right frontal pole.
Whereas slow waves in the left frontal lobe correlated with the Trail
Making Number Letter Switching variable, the left frontal lobe
slow waves did not seem to correlate with poorer performance on
the Color Word Interference task, suggesting that, for this task,
right frontal lobe function is either fundamentally more important
or that our population did not have as many slow waves in the left
frontal lobe. It is possible that participants with semantic problems
related to left frontal lobe dysfunction may actually perform better
on Color-Word Interference, owing to a reduction in interference.
In addition, Risse and collegues, in a study of frontal lobe epilepsy,
showed that postoperative decline on a measure of cognitive flex-
ibility was greatest in patients who underwent resections of the
right frontal pole and prefrontal cortex, rather than left.*®

Our findings may also reflect dysfunction in the frontoparietal
executive function network, which includes prefrontal regions,
such as the frontopolar cortex, the prefrontal cortex, the dorsolat-
eral prefrontal cortex, the anterior cingulate, and the inferior pari-
etal lobe, and often engages in tasks that require executive
control.®” Recruitment of the frontoparietal network is critical for
goal-directed higher-level cognition processes involving integra-
tion and control. As a source of top-down control in the brain, the
frontoparietal network and its connectivity pattern provides an ar-
chitecture for executive function. Damage to these key areas may
contribute to poorer control and integration. In our study, the MEG
correlations with performance on D-KEFS Color Word Inter-
ference Inhibition show that poorer performance on this executive
function task correlates with slow-wave activity in areas in the
frontoparietal network. This correlation in mTBI participants with
lasting symptoms provides further support that cognitive differ-
ences from controls are related to underlying neuropathology rather
than, or in addition to, psychiatric factors or motivational, sec-
ondary gain issues.

The correlation between poorer performance on the D-KEFS
Color-Word Interference Inhibition trial and slow waves in the right
anterior cingulate cortex (ACC) is also interesting. Because the ACC
maintains reciprocal interconnections with the lateral prefrontal
cortex, which can include the frontal pole, slow waves in the ACC
may impair performance on executive functioning tasks.”® Because
the ACC helps to facilitate impulse control and maintain attention,
dysfunction in this area reflected by slow waves would allow for
increased errors as well as longer times for task performance.

The posterior parietal lobe, with its extensive connections to
temporal and frontal lobes, has been long recognized as a neural
substrate for attention, particularly visuospatial attention.”'”"
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There is a growing consensus that attention and executive control
are inter-related and share neural substrates.”*”> In a recent study,
cognitive executive control and functioning was found to be as-
sociated with the white matter underlying the supramarginal gyrus,
a region identified in the present study as exhibiting slow waves.”®
As our previous study in 2009 demonstrated that regions of white
matter with reduction in intensity can link to the nearby slow-wave
generating gray matter, there is a distinct possibility that slow
waves generated in this area, and quite possibly other regions, that
are correlating to poorer neurocognitive scores may be related to
reduced anisotropy in the neighboring white matter region.>’

Although the study demonstrates relationships between affected
regions of the brain and cognitive tests, it is important to note that
we are not suggesting one-to-one correspondence between brain
areas displaying slow waves and direct test measures. Given the
complexity of the brain, there may be brain regions demonstrating
slow waves previously unknown to affect test measures that cor-
relate with poor participant performance on cognitive measures.
Additionally, though we did our best to draw from a wide variety of
different testing measures, certain brain regions showing slow
waves may not negatively impact performance on the testing
measures chosen (see positive correlations noted in our data).
Owing to differing functional connectivities of many brain regions,
there are corresponding multi-functionalities of the brain that re-
main unexplored. As demonstrated in the Huang and colleagues
article, whereas certain gray matter areas exhibiting slow waves
linked to nearby injured fiber tracts with reduced fractional an-
isotropy (FA) detected using DTI, a different pattern of slow-waves
emerged when reduced FA was detected in a major fiber tract.”’
When a major fiber tract was found to have reduced FA, slow-
wave—generating areas were not found to be directly adjacent to the
area where the reduced FA was observed. This may be the case for
some of the observed effects in this study.

Recent interest has focused on potential long-term consequences
of mTBI and concussion, such as depression and cognitive changes
occurring years after sport-related TBIs or increased risk of de-
mentia in individuals with previous TBL.?*7® Given that it is un-
clear why some persons rapidly recover and others may exhibit
long-term cognitive decline later in life, one hypothesized mech-
anism is a decrease in cognitive reserve at a faster rate, leaving
individuals more vulnerable to age-related changes or other factors
that increase risk for depression and mild cognitive impair-
ment.””"”® Whereas longitudinal studies are needed to control for
other factors that influence long-term cognitive health, our study
begins to identify neurobiological underpinnings of mTBI that may
explain why certain individuals may be more affected than others
after a concussion or series of concussions. In addition, MEG may
ultimately provide a means for detecting TBI-related increased risk
for further cognitive and psychiatric changes and for targeting
prevention interventions.

The primary limitation of this study was the lack of active duty
military controls, although the control group did include retired or
separated military personal. A strong effort was made to keep the
groups as demographically similar as possible, and covariates in the
analysis were utilized to ensure any differences would be accounted
for. Future studies should include active duty military personnel
without any exposure to blast or TBI; currently, data from our
groups’ ongoing studies with uninjured military personnel are be-
ing analyzed and can be included in future reports.

An additional limitation is that abnormal delta slow-wave ac-
tivity is not pathognomonic to TBI and can be present in other
neurological disorders, such as stroke, epilepsy, and brain tumors.
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To control for this, participants in the study were carefully screened
for previous neurological disorders and each MRI was read by a
board-certified radiologist. In addition, certain medications are
known to increase global delta slow-wave power (e.g., neuroleptic
sedatives, antidepressants, and hypnotics; participants taking these
medications were excluded from the study or were required to be
off of the medications for three half-lives before the study ses-
sions).*® Owing to the potential clinical applications, and the reality
that exclusions for those on medications may not be realistic in a
clinical setting, future studies need to examine the effect of medi-
cations and whether they may be controlled by utilizing different
analysis strategies.

These results provide objective evidence of lasting neurophys-
iological changes in brain function post-mTBI. This study utilized
rigorous inclusion criteria, including reading of any neuroimaging
studies of all participants to ensure that there were no previously
undiagnosed, clinically significant lesions in any participants, in-
cluding controls. Further, once enrolled in the study, all participants
underwent standardized assessment of effort, to reduce potential
confounds related to motivational factors. Results of this study
were consistent with findings from a number of previous studies of
mTBI and support our hypothesis that mTBI can contribute to
persistent PCS and that subtle neurophysiological changes ob-
served using MEG may provide a biological marker to improve
diagnostic accuracy of mTBI.'*~1%28 Finally, these results could be
used to develop evidence-based treatment guidelines to address the
subtle functional declines that occur in some individuals after a
single uncomplicated mTBI. Future studies will need to include
subjects with mTBI without PCS in order to further understand the
effects of abnormal slow-wave activity on MEG. Future directions
include adding additional modalities, such as DTI, to detect cor-
relations in white matter FA with gray matter slow-wave MEG
correlates as well as investigating individuals with mTBI and
lasting PCS utilizing a longitudinal approach to detect the neural
coordinates that correlate with loss of cognitive reserve over time,
while controlling for outside variables that may have an impact on
cognitive decline.
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