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Processing and Modifies Oscillatory Brain Activity
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Abstract

Despite the high prevalence of mild traumatic brain injury (mTBI), current diagnostic tools to objectively assess cognitive
complaints after mTBI continue to be inadequate. Our aim was to identify neuronal correlates for cognitive difficulties in
mTBI patients by evaluating the possible alterations in oscillatory brain activity during a behavioral task known to be
sensitive to cognitive impairment after mTBI. We compared oscillatory brain activity during rest and cognitive tasks (Paced
Auditory Serial Addition Test [PASAT] and a vigilance test [VT]) with magnetoencephalography between 25 mTBI patients
and 20 healthy controls. Whereas VT induced no significant differences compared with resting state in either group, patients
exhibited stronger attenuation of 8- to 14-Hz oscillatory activity during PASAT than healthy controls in the left par-
ietotemporal cortex (p<0.05). Further, significant task-related modulation in the left superior frontal gyrus and right
prefrontal cortex was detected only in patients. The ~10-Hz (alpha) peak frequency declined in frontal, temporal, and
parietal regions during PASAT compared with rest (p<0.016) in patients, whereas in controls it remained the same or
showed a tendency to increase. In patients, the ~ 10-Hz peak amplitude was negatively correlated with behavioral per-
formance in the Trail Making Test. The observed alterations in the cortical oscillatory activity during cognitive load may
provide measurable neurophysiological correlates of cognitive difficulties in mTBI patients, even at the individual level.
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Introduction

MILD TRAUMATIC BRAIN INJURIES (MTBI) are common:
estimated 100-300 per 100,000 patients worldwide seek
medical advice annually, and many others with mTBI do not
contact any healthcare services."> Although most mTBI patients
show rapid and full recovery, some express long-lasting symptoms
affecting their quality of life,** and in the absence of objective
trauma indicators, healthcare services may fail to recognize these
patients. Residual symptoms after mTBI are usually minor, and
after the subacute phase, performance in traditional neuropsycho-
logical test batteries is often within the normal range.>> Despite
normal test performance, neuroimaging studies have suggested

differences in neural processing after mTBI, lasting beyond the
disappearance of clinical symptoms.®’

Attentional deficits after mTBI are widely reported®® and
suggested as the most sensitive indicator of cognitive dysfunc-
tion after mTBI, especially with simultaneous assessment of
processing speed.'®!! Vigilance denotes maintaining an alert
state in the surroundings with scarcity of external stimuli and
may also be affected by mTBIL.®'*!? Vigilance can be probed
with, for example, the sustained counting task in which the rate
of pre-defined stimuli is slow and the task so easy that main-
taining attention requires cognitive control'*; increased activa-
tion in the right lateral frontal areas in healthy individuals has
been suggested in this type of task.'?
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The Paced Auditory Serial Addition Test (PASAT) was origi-
nally developed for assessing changes that TBI causes in cognitive
functioning, especially in speed of sensory information proces-
sing.'®!” Subsequently, the test has been demonstrated to probe
multiple domains of cognitive functioning, such as sustained at-
tention, concentration, and working memory.'®! During the test,
subjects listen to single-digit numbers and sum up every two con-
secutive numbers presented serially with a fixed interval. The test is
typically presented sequentially with a declining interdigit interval,
to make it more arduous. The test can be applied also in its visual
form (PVSAT), but the auditory test has been considered especially
sensitive for assessing TBI because it brings together two domains
commonly affected in TBI: information processing speed and
susceptibility to interference effects.”’ mTBI patients tested within
24 h after injury generally present lower scores compared to healthy
controls, and improved test results correlate with diminishing
clinical symptoms with repeated testing.'®*> Even chronically
symptomatic mTBI patients, tested with PASAT months after in-
jury, have performed significantly worse than healthy controls.'®?

In functional (fMRI) magnetic resonance (MR) imaging (MRI)
studies of healthy subjects, the PASAT task activates middle
frontal, as well as middle and superior temporal gyri with left
predominance, together with bilateral inferior parietal lobules and
anterior cingulate gyri.”*?*~?” In repeated measurements (with a 6-
month interval), the activation tends to diminish, probably as a sign
of learning.”” In some neurological patient groups, such as TBI and
multiple sclerosis, cortical activation appears more widespread and
right-lateralized than in controls, possibly attributed to recruitment
of compensatory cortical areas during the task.>*?®

The cerebral cortex has several intrinsic rhythms, of which the
most prominent are the ~ 10-Hz alpha rhythm that can be recorded
non-invasively over the parieto-occipital cortices with magneto-
and electroencephalography (MEG/EEG). The alpha rhythm has
been shown to modulate during attention-demanding working
memory tasks,”®?%3? also outside the visual modality.?®3%33:3
The alpha rhythm typically attenuates in memory-related experi-
mental paradigms in frontoparietal regions,****® and more powerful
attenuation has correlated with better test performance.*>*” Occi-
pitally, both alpha-frequency and power, however, seem to increase
during attention-demanding tasks,’** and a tendency toward
parieto-occipital alpha-frequency difference has been observed.?’
Both alpha peak frequency®®™° and its task-induced modula-
tions*'*? show good reproducibility over time in healthy individ-
uals, thus making alpha oscillations a good candidate measure for
evaluating possible changes during pathological cortical processes
and after cortical trauma. Resting-state EEG early after TBI often
presents a reduction in occipital alpha frequency, followed with a
return to normal limits during subsequent months.***** Alpha peak-
frequency decline has been associated with degraded white matter
integrity,** which is also compromised in mTBI patients suffering
from traumatic axonal injury.*

Previously, we studied the appearance and modulation of
resting-state low-frequency (0.5-7.0 Hz) oscillatory brain activity
after mTBI, finding it often transient in repeated measurements,
without clear correlation with resolution of self-reported symp-
toms.*” Here, our aim was to include in the MEG measurement
protocol a cognitive task (PASAT) that is indicative of compro-
mised cognitive processing in mTBI patients.'® Another, less-
demanding vigilance task and measurements during rest served as
control conditions. We hypothesized that mTBI patients would
show stronger attenuation of alpha power in frontoparietal corti-
ces and more-widespread activation areas during PASAT com-
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pared to healthy controls, as a sign of increased attentional
demands. Further, we hypothesized that stronger attenuation of
alpha power would correlate with better neuropsychological
performance of patients.

We hypothesized that in accord with earlier results with
EEG,**** patients would demonstrate a general shift in occipital
alpha peak activity to higher frequencies along recovery. We also
hypothesized that healthy controls would show more-prominent
increase of occipital alpha frequency during PASAT, and thus di-
vergent parieto-occipital alpha frequency modulation, during the
attentional task compared to mTBI patients. Here, we utilized MEG
for recording oscillatory brain activity: MEG permits estimation of
cortical sources with good spatial accuracy, as well as assessment
of oscillatory brain activity at the sensor level, an approach that is
easily extendible to EEG recordings in a clinical environment.
Within-group analyses are based on sensor-level data, where such
comparisons are feasible. Because localization of alpha activity
was of great interest here, we performed the between-groups analysis
on alpha oscillatory power in source space, not at sensor level, where
it is difficult to separate activity originating from close-by sources.
To the best of our knowledge, this is the first study presenting cortical
activation during PASAT with MEG.

Methods
Subjects

The patient group consisted of 25 TBI patients (11 females, 14
males) 4212 years of age (average * standard error of the mean
[SEM]; females 44 + 3, males 39 + 3). Twelve patients underwent a
single measurement within 6 months after injury, and 13 patients
were measured at the subacute stage within 6 days to 2 months after
injury; all but 1 participated in a follow-up MEG measurement at 6
months (Table 1). Nine of 12 with follow-up measurements par-
ticipated also in a follow-up neuropsychological examination at
12.6£0.25 (average = SEM) months after trauma. Trauma mech-
anisms included 10 bicycle accidents, six motor vehicle accidents,
four falls, four sports-related accidents, and one hit to the head
(Table 1).

The control group comprised 20 healthy adults (8 females, 12
males) 3912 years of age (females 44 +3, males 36+ 3) without
history of brain traumas. The Ethics Committee of Helsinki and
Uusimaa Hospital District accepted the study.

Clinical evaluation

All patients and control subjects were without significant de-
velopmental or neuropsychiatric problems, medication affecting
the central nervous system, substance abuse, or past TBIs. All pa-
tients fulfilled Glasgow Coma Scale (GCS) and duration of loss of
consciousness (LOC) criteria for mTBI according to the American
Congress of Rehabilitation Medicine®® and World Health Organi-
zation,* that is, their GCS points were 213 at 30 min after trauma
and LOC was <30min. In some patients, assessment of post-
traumatic amnesia (PTA) was difficult because of concomitant
injuries and use of sedatives and analgesics; therefore, it is possible
that some patients had PTA for over 24 h.

Neuropsychological evaluation

All patients filled in the Rivermead Post Concussion Symptom
Questionnaire (RPQ) at the MEG measurement sessions and un-
derwent careful neuropsychological testing at the subacute stage,
3.240.43 (average + SEM) months after trauma. Neuropsychological
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TABLE 1. DEMOGRAPHICS OF THE PATIENTS?®

Patient Age GCS Type of trauma MEGI MEG?2 RPQI RPQ2
1 43 15 bike accident 4m 3

2 50 15 mva 2m 3

3 42 14 sports accident Sm 24

4 46 14 mva 45m 29

5 37 14 bike accident 3.5m 13

6 32 15 fall 4m 18

7 59 15 bike accident 3w 3

8 54 15 fall 2m 8

9 39 15 mva 2m 31

10 20 14 sports accident Im 2

11 44 14 mva 1.5m 27

12 43 14 bike accident 6m 28

13 36 14 mva 1.5m 25

14 39 15 hit to head 3w Tm 9 7
15 29 14 sports accident Im 6m 3 2
16 37 14 mva 1m 6m 25 14
17 50 14 fall 2m 6m 6 3
18 28 15 bike accident 1w 6m 16 14
19 29 14 bike accident 3w 6m 3 2
20 59 14 bike accident 1w 6m 36 18
21 53 14 sports accident 3w 6.5m 34 6
22 51 15 bike accident 1w 6m 14 6
23 23 15 bike accident 1w 6m 25 0
24 40 14 bike accident 1m 7m 14 3
25 56 15 fall 3w 6m 32 16

#Age at the time of injury, GCS at 30 min after trauma, type of trauma, timing of magnetoencephalography (MEG) measurements (after injury), and

RPQ scores at MEG measurements.

GCS, Glascow Coma Scale; mva, motor vehicle accident; m, months; w, weeks; RPQ, Rivermead Post-Concussion Symptom Questionnaire.

testing was implemented by two experienced neuropsychologists;
Table 2 summarizes the tests included. Conversation, reading, writing,
and counting skills were also evaluated. Digit Span, Trail Making Test
A and B (TMA/B), Digit Symbol, and Stroop tests have earlier been
shown to correlate with PASAT results in TBI patients,'® and they
were here correlated with the MEG data. TMA and TMB tests mea-
sure processing speed and focused attention,>'® and they, as well as
the difference in time accomplishing those tests, were compared to the
corresponding normative values in healthy controls.

In addition, patients and their significant others filled in The
Dysexecutive (DEX) Questionnaire®' to rate difficulties in everyday-
life executive functioning and the patients the Beck Depression In-
ventory (BDI)*? to evaluate concomitant mood changes.

The follow-up examination, in which 9 patients participated
in, focused on executive functions, attention, processing speed,
working memory, learning, and mood (utilizing Trail Making Test,
Stroop, Fluency, Digit Span, List learning, Digit cancellation, BDI,
and the DEX questionnaire).

TABLE 2. NEUROPSYCHOLOGICAL TESTS ADMINISTERED

Neuropsychlogical test

Cognitive domain assessed

Reference

Wechsler Adult Intelligence Scale Third edition (WAIS-III)

Digit Span, Letter Number
Similarities
Information
Block Design
Picture Completion
Symbol Search, Digit-Symbol
Wechsler Memory Scale (WMS-III)
Logical memory, List Learning
Visual reproduction
Benton Visual Retention Test
Trail Making Test: A, B, difference
Stroop Colour Naming Test
Brixton Spatial Anticipation Test
Boston Naming Test
Verbal fluency (k/animals)

Attention, working memory
Reasoning, concept formation
General knowledge

Perceptual reasoning, organization
Reasoning, visual perception
Processing speed, attention

Verbal memory

Visual memory

Visual memory

Attention, executive functions
Attention, executive functions
Executive functions

Naming, verbal functions

Word fluency, executive functions

Wechsler, 1997

Wechsler, 1997b

Benton, A. L., 1974

Reitan, 1958
MacLeod, 1991

Burgess and Shallice, 1997

Kaplan et al., 1983
Lezak et al., 2004
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Magnetoencephalography and magnetic resonance
imaging data collection

We conducted the MEG measurements at Aalto Neuroimaging
MEG Core (Aalto University, School of Science, Espoo, Finland)
in a magnetically shielded room with a 306-channel whole-head
device (Elekta Neuromag™; MEGIN [Elekta Oy], Helsinki, Fin-
land), which comprises 102 triplet sensors with two planar gradi-
ometers and one magnetometer coupled with a Superconducting
Quantum Interference Device sensor. Before the measurement,
digitized (Polhemus 3Space® Fastrak™; Polhemus, Colchester,
VT) nasion and two periauricular points determined the head co-
ordinate system, and five head position indicator coils monitored
the exact head position inside the helmet throughout the measure-
ment session. Horizontal and vertical electro-oculogram and elec-
trocardiogram provided data for artefact management. Collection
of MEG signals occurred with a sampling rate of 1000Hz and a
band-pass filter of 0.03-330 Hz.

The recordings comprised spontaneous resting-state activity
measured with eyes open (EO) and eyes closed (EC), 10 min each,
and during two cognitive tasks: the PASAT,'®!” and a vigilance
test (VT). Measurements were performed in identical order (EO,
EC, PASAT, and VT) in all patients and controls. After sponta-
neous activity recordings, subjects were allowed a short break,
during which instructions for cognitive tests were repeated. For
PASAT, we used 2.4-, 2.0-, and 1.6-sec presentation rates, and for
those subjects (11 patients) who exhibited distress or made multiple
mistakes during rehearsal at the 2.4-sec interval, we repeated the
slower rate to exclude relinquishing effects during the test. The
measurement during PASAT lasted for 6.5 min. Subjects per-
formed the test quietly without reporting the results aloud to avoid
mouth movement artefacts. In VT, subjects listened to a story for
10 min and tried to count randomly scattered 13 words that were not
part of the story. We used the first 5 min of EO, PASAT, and VT
tasks for the analysis irrespective of the PASAT rate to obtain equal
amount of averaged signal, with the task difficulty accommodated
to gain maximal effort in both controls and patients.

During the tasks, subjects were asked to fixate on a fixation
cross, sit relaxed, and avoid moving. During the EC condition, two,
and during the EO condition one, short pauses confirmed that
subjects remained alert.

All subjects underwent 1.5 Tesla anatomical MRI scans
(GE Signa HDX 1.5T; GE Healthcare, Milwaukee, WI), patients
within 3 weeks to 16 months after the injury. Imaging consisted of
sagittal T, cube, fluid-attenuated inversion recovery, axial fast spin
echo, axial three-dimensional (3D) susceptibility-weighted imag-
ing, and axial 3D fast spoiled gradient-recalled echo T, sequences.

Data analysis

Pre-processing. The temporal extension of the signal space
separation method”> with movement compensation was utilized for
artifact rejection. For residual eye-movement or cardiac artefacts,
one component related to eye blinks or cardiac QRS-complex was
projected out using independent component analysis.>* For sensor-
level analysis, we transferred all measurements to an average head
position calculated over all patients and control subjects.

Sensor-level analysis. For data analysis, we applied rela-
tively straightforward sensor-level peak power and frequency an-
alyses, to facilitate later utilization of the methods in clinical
settings and, possibly also, in EEG environment. Therefore, we
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focused on the alpha frequency range and sensor-level analysis of
continuous MEG data.

We estimated sensor-level individual power spectra from the
first 5min of MEG data in each condition (EO, EC, PASAT, and
VT). The power spectra were calculated using Welch’s method
with a 2048-point fast Fourier transform, 50% overlap, and Hann
windowing, resulting in a frequency resolution of ~0.5Hz. We
calculated areal averages for left and right frontal, parietal, tem-
poral, and occipital sensor areas, to obtain areal peak frequencies
and power at the alpha (814 Hz) frequency band. We concentrated
on these frequencies and areas based on previous results on alpha
band changes in healthy controls during cognitive tasks®®*'** and
during rest EEG recordings in mTBI patients after the injury.****
Alpha peak power and frequency were extracted for each participant
as the peak values in the 8- to 14-Hz frequency band over each sensor
area and tested for within-group differences between conditions
(PASAT vs. EO as well as VT vs. EO). Between-group comparisons
of possible changes in alpha peak frequencies were performed at the
sensor level, whereas between-group differences in power were es-
timated at the source level (see source modeling section).

Statistical analyses were conducted with IBM SPSS Statistics
(version 24; IBM Corp., Armonk, NY) non-parametric tests, because
of skewed distributions of the data. Frequency values were log-
arithmically transformed to enable comparisons. Mann-Whitney
U tests served for between-groups analysis and Wilcoxon tests
for within-groups analysis. Mixed analysis of variance (ANOVA;
subject group as a between-groups factor, and task, area, and
hemisphere as within-group factors) assessed between-groups
interactions. Bonferroni correction for multiple comparisons
was applied to Wilks’ lambda results. When an interaction was
observed, we used Student’s two-tailed z-tests to further evaluate
the values, In-transformed to compensate for the unequal vari-
ances between groups. Correlations with the neuropsychological
tests were calculated using Spearman’s two-tailed rank-order
correlation because of small sample size and skewed distribu-
tions of the data, and not corrected for multiple comparisons.

Source modeling. Source modeling of measured oscillatory
brain activity was used to identify the cortical regions that con-
tribute to the measured signals. Source modeling of MEG responses
requires solving the so-called inverse problem, that is, estimating
the origins of the oscillatory activity from the measurement data
with the help of additional constraints.>> For MEG, origins of os-
cillatory activity can be estimated with up to 3-mm accuracy and
sources located within a few centimeters from each other can be
resolved.’®>” Because the source-modeling approach provides
superior localization of the oscillatory power, we decided to per-
form between-groups power analysis at source space.

Source-level cortical activity was estimated using a spatial filter
(or beamformer) in the frequency domain (dynamic imaging of
coherent sources; DICS).5 758 DICS is a linearly constrained min-
imum variance beamformer that, given a cross-spectral density
(CSD) matrix and a forward model of the neural currents, is de-
signed to pass the activity in a specific location, while suppressing
activity from other locations using a weighted sum of the sensor
signals.>® The frequency-domain beamformer is well suited for
identifying oscillatory activity in a continuous task.’’® Data
analysis was performed using MNE Python (v0.16; available at:
https:/martinos.org/mne/stable/auto_tutorials/plot_dics.html)®*6!
and the ConPy python package (available at: https://github.com/
AaltolmagingLanguage/conpy)®* with parameter choices as out-
lined in Van Vliet and colleagues.®> Within this approach, the pre-
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processed continuous planar gradiometer data, using the first 5 min
of each condition to enable comparison between them, was first
divided into 2.048-sec epochs. The CSD matrix was calculated to
represent the covariance in the frequency domain between the
signals at each sensor. To yield CSD matrices between all sensor
combinations, time-frequency representations of epochs were cal-
culated using Morlet wavelets with seven cycles.%® The obtained
CSD matrices were subsequently averaged over all epochs and the
entire time interval and the chosen 8- to 14-Hz frequency range.

A forward model, that is, a model that predicts the measured
electromagnetic field generated by neural currents, is needed for
computing the spatial filters. A single-layer boundary-element
model, constructed from the inner skull surface of the MR images
using FreeSurfer,®* was used as a head conductor model in the
forward model. The possible neural sources were restricted to a
surface-based cortical grid with 5124 nodes, established for each
subject, thus allowing cortex-wide estimates of neural activity. T,
sequences of MR images, segmented using FreeSurfer,®* deter-
mined the individual cortical mantles. The neural currents at each
grid point were modeled as equivalent current dipoles that represent
the current as a vector with a magnitude and orientation. Spatial
filters, constructed using the calculated CSD matrices and the
forward model, selected the orientation with maximal power at
each grid point.%* The resulting MEG power maps were morphed to
an atlas brain (FS-average-5.1.0) to enable spatial comparison of
the power maps across subjects and group-level statistical analysis.

Cluster-based permutation tests in MNE Python (corrected
p<0.05), with a cluster-forming threshold of p=0.00001 for
between-groups analysis and p=0.01 for within-group analysis, a
maximal geodesic distance of 0.010 between adjacent vertices
during clustering, and 10,000 permutations, assessed the potential
statistical significance of differences in power between conditions
and groups. Because of the individual variability of the brain os-
cillatory power, we normalized the data with each subject’s max-
imum power in the resting-state EO condition for between-group
comparisons. The Desikan-Killiany cortical parcellation atlas from
FreeSurfer served for labeling the cortical areas.®

Results
Sensor-level oscillatory brain activity

Alpha peak power in controls and patients. Figure 1
presents the average areal spectra of oscillatory brain activity in
controls and patients during rest and cognitive tasks. In both subject
groups, PASAT induced attenuation of oscillatory activity (Fig. 1;
Table 3). Control subjects showed statistically significant bilateral
attenuation of alpha peak power in temporal, parietal, and frontal
areas in the PASAT condition as compared with the EO condition
(Fig. 1A; Table 3). Patients exhibited attenuation of alpha activity
over the temporal and frontal cortices bilaterally and left parietal
cortex, but not over the right parietal cortex (Fig. 1B; Table 3).

Modulation of oscillatory brain activity during the VT condition
was modest, without significant differences compared with the EO
condition (Fig. 1; Table 3).

Alpha peak frequency in controls and patients. A mixed
ANOVA on the alpha frequencies revealed a significant interac-
tion between cortical area and group (F(;43=6.91; p=0.01;
partial #*=0.14), as well as between cortical area and task
(F2,42)=4.66; p=0.02; partial ;72=0.18; Fig. 2). At rest (EO),
alpha peak frequency of controls did not differ between brain
areas (p >0.28), whereas in patients the alpha peak frequency was
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FIG. 1. Overview of the data. Sensor-level areal mean spectra

for (A) control subjects and (B) patients. Inserts (right, A and B)
show enlarged the mean spectra over the right parietal and oc-
cipital areas, demonstrating the activity during the tasks (VT,
PASAT) compared with rest (EO). The vertical lines in the inserts
mark the 8- to 14-Hz band used for source-level power mapping.
EO, eyes open; VT, vigilance test; PASAT, Paced Auditory Serial
Addition Test; L, left; R, right.

significantly lower occipitally than parietally (right occipital 10.1
vs. parietal 10.7Hz, Z=-2.69, p=0.01; left, 10.0 vs. 10.7 Hz,
Z=-2.55, p=0.02; Fig. 2).

In controls, PASAT induced a frequency increase approaching
significance in the left occipital area compared with EO (10.3 vs.
9.8Hz, Z=-1.89, p=0.06; Fig. 2), whereas in other areas the dif-
ference between conditions was not significant (p>0.11). Alpha
frequencies were significantly higher in the right occipital (10.5 Hz)
compared with the right parietal area during PASAT (9.6Hz,
7=-2.29,p=0.03; left, 10.3 vs.9.7Hz, Z=-1.61, p=0.12; Fig. 2).

In contrast, in patients PASAT induced slowing of the ~10-Hz
activity in the parietal areas (left parietal, 10.7Hz vs. 9.9 Hz,
Z=-2.52, p=0.01; Fig. 2), but not in the occipital areas (p > 0.6).
During PASAT, the alpha peak frequencies did not differ signifi-
cantly between the cortical areas (Fig. 2).

Between groups, the only significant difference resided in the
left parietal region, where the alpha frequency of patients in EO
condition was higher than in controls (patients, 10.7 Hz vs. con-
trols, 9.6 Hz; Z=-2.67, p=0.01).

VT induced no significant differences in alpha frequencies in
either group compared with rest.
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TABLE 3. CHANNEL-LEVEL ALPHA PEAK POWER CHANGES BETWEEN REST AND ACTIVATIONS
Controls Patients
Area Z(EO/P) p(EO/P) Z(EO/V) p(EO/YV) Z(EO/P) p(EO/P) Z(EO/V) p(EO/YV)
LF -3.136 0.002 -0.523 0.601 -2.785 0.005 -1.117 0.264
RF -3.024 0.002 -0.187 0.852 -3.108 0.002 -1.958 0.056
LT -3.061 0.002 -1.157 0.247 -3.834 <0.001 -1.843 0.065
RT -2.501 0.012 -0.896 0.370 -2.408 0.016 -1.144 0.253
LP -2.427 0.015 —-1.195 0.232 -2.085 0.037 -0.013 0.989
RP -2.315 0.021 -0.448 0.654 -1.305 0.192 -0.175 0.861
LO -1.493 0.135 -0.672 0.502 -0.821 0.412 -0.955 0.339
RO -0.709 0.478 -0.485 0.627 -0.013 0.989 -1.547 0.122

The bolded values indicate statistically significant results.

LF, left frontal; RF, right frontal; LT, left temporal; RT, right temporal; LP, left parietal; RP, right parietal; LO, left occipital; RO, right occipital; EO,

eyes open; P, Paced Auditory Serial Addition Test; V, vigilance test.

Source-level oscillatory brain activity

Figure 3 and Table 4 depict results from the source-level analysis. In
line with the sensor-level analysis (Fig. 1), control subjects (Fig. 3A)
displayed significant (p <0.05, corrected) attenuation of oscillatory
power in the 8- to 14-Hz band in the bilateral superior temporal gyri
and sulci, left middle and inferior temporal, parahippocampal and
fusiform gyri, bilateral pre-central and post-central cortices, bilateral
supramarginal gyri, and inferior parietal cortices during PASAT
compared with the EO condition. Similarly to controls, the patients
(Fig. 3B; Table 4) exhibited attenuation (p <0.05, corrected) bilater-
ally in the frontotemporal and parietal areas; additionally, in patients,
oscillatory power was statistically significantly attenuated in the su-
perior and rostral middle frontal gyri, left caudal middle frontal gyrus,
bilateral pars opercularis and paracentral lobules, left cingulate cortex,
right middle and inferior temporal gyri, left entorhinal cortex, and
temporal pole, but not in left banks superior temporal sulcus.

Between-group analysis revealed statistically significantly
stronger 8- to 14-Hz oscillatory power attenuation during PASAT
in patients than in controls (p<0.05, corrected) in the bilateral
frontal and parietal cortices (Table 4). These areas include supra-
marginal gyrus, angular gyrus, dorsolateral pre-frontal cortex
(DLPFC), dorsomedial prefrontal cortex (DMPFC), and pre-central
and paracentral areas (Fig. 3C).

In the VT condition, oscillatory brain activity did not signifi-
cantly differ compared with rest in either group or between groups.

Follow-up measurements

Source space analysis of the 12 patients with control mea-
surements did not indicate significant changes between the two

Hz Controls Patients Area
1 I ----- parietal
I occipital
100 T I*I T
9 Error bars: +/- 1 SE
~ *
1
T T T T T T
Task: EO PASAT VT EO PASAT VT

FIG. 2. Alpha peak frequency modulation during the cognitive
tasks (PASAT, VT) compared with rest (EO) in parietal and oc-
cipital areas, both hemispheres unified. Asterisks denote statistically
significant difference: in controls between parietal and occipital
areas during PASAT, and in patients between EO and PASAT tasks
in parietal areas. EO, eyes open; PASAT, Paced Auditory Serial
Addition Test; VT, vigilance test; SE, standard error.

measurement sessions. In sensor-level analysis, neither the alpha
peak frequencies (p > 0.2) nor the peak powers (p >0.1) differed
between the two measurement sessions during the cognitive
tasks. Occipital alpha peak frequencies remained stable between
the two measurement sessions during rest (EO) and cognitive
tasks (p>0.08).

The second measurement session indicated no significant in-
teraction between cortical area and task (PASAT, VT, and EO),
although a significant main effect of area (p=0.02) was observed.
During the second measurement, PASAT induced slowing of alpha
peak frequencies compared with EO in the right parietal area (11.4
vs. 10.0 Hz; Z=-2.25; p=0.02), similarly to the first measurement.
Also in line with the first measurements, the alpha peak frequency
at rest was significantly lower occipitally than parietally (left oc-
cipital, 10.1 Hz vs. parietal, 11.6 Hz, Z=-2.32, p=0.02; right oc-
cipital, 10.5 Hz vs. parietal, 10.4 Hz, Z=-1.61, p=0.11), whereas
no frequency variation was observed during the cognitive tasks
(PASAT, VT; p>0.1).

Neuropsychological findings

Residual neuropsychological symptoms of the patients at the
subacute stage, 3.2+£0.43 (average=SEM) months after trauma,
were mild. The most frequent residual symptoms patients reported
were fatigue (84%) and increased irritability (64%). According to
the BDI, 32% of patients obtained scores indicating depression; in
20% of patients, these symptoms were mild and in 12% mild to
moderate. Neuropsychological testing revealed minor problems of
working memory (in 64% of the patients), attention (36%), flexi-
bility, initiative or processing speed (32%), planning (28%), and
abstract thinking or inhibition (24%).

Behaviorally, the simple sustained counting task administered
during VT revealed a significant difference between patients and
controls: 18 of 20 controls reported +1 correct result, whereas only
15 of 25 patients did so in the first measurement session (chi-square
statistic, 5.114; p<0.02). Of the patients with follow-up measure-
ments, 9 of 12 (first measurement) and 10 of 12 (second mea-
surement) reported *+1 correct result; the difference between
controls and this subgroup was not significant.

Correlating neuropsychological findings
with magnetoencephalography data

We compared the relevant neuropsychological tests (see Meth-
ods: Neuropsychological evaluation) with the statistically signifi-
cant alpha power effects observed at the sensor level in 25 patients
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a Controls: PASAT - EO

b Patients: PASAT -EO

-5.0

1. supramarginal
2. angular

3. DLPFC

4. DMPFC

5. precentral

6. paracentral

1.0

15.0

FIG. 3. Activation patterns during the PASAT. (A) Controls exhibit 8- to 14-Hz attenuation (p<0.05, corrected) in the bilateral
fronto-parieto-temporal areas during the PASAT compared with EO, whereas (B) patients show statically significant attenuation
(p<0.05, corrected) also in the dorsolateral and -medial pre-frontal cortices. (C) Between-group comparison during PASAT depicts
stronger attenuation of 8- to 14-Hz power (p <0.05, corrected) in patients than controls in the left supramarginal and angular gyri, left
DLPFC, right DMPFC, bilateral precentral, and left paracentral areas. PASAT, Paced Auditory Serial Addition Test; VT, vigilance test;
EO, eyes open; DLPFC, dorsolateral pre-frontal cortex; DMPFC, dorsomedial pre-frontal cortex.

during the first PASAT measurement session. The low number of  secutive numbers with a pen, and in TMB 12 consecutive numbers
patients participating in the follow-up measurement (12) and neu-  and 12 first alphabets alternating between numbers and letters, as
ropsychological assessment (9) prevented correlation analysis of  swiftly as possible. The time difference in completing these two
the follow-up data. We found a correlation with the power results  tasks was transformed to percentiles of healthy individuals’ per-
and TMB/TMA difference; in TMA, the subject connects 25 con-  formance. The right temporal (k=-0.72; p =0.003) and left parietal
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TABLE 4. ACTIVATION AREAS DURING PASAT COMPARED WITH REST

Area Controls Patients ¢/p difference
Superior frontal gyrus BA 6, BA 8-9 L+R L+R
Rostral middle frontal gyrus BA 46, BA 8-9 L+R L+R
Caudal middle frontal gyrus BA 6 L L
Pars opercularis BA 44 L+R L
Pre-central gyrus BA 4 L+R L+R

Paracentral lobule BA 1-3 L+R L+R
Caudal anterior-cingulate cortex BA 24, BA 32 L L+R
Posterior-cingulate cortex BA 23, BA 31 L L+R
Post-central gyrus BA 1-3 L+R L+R

Supramarginal gyrus BA 40 L+R L+R L
Superior parietal cortex BA 5 L+R L+R L
Inferior parietal cortex BA 39 L+R L+R L
Superior temporal gyrus BA 22 L+R L+R L
Middle temporal gyrus BA 21 L L+R

Inferior temporal gyrus BA 20 L L+R

Banks superior temporal sulcus BA 37 L+R L

Entorhinal cortex BA 28 L

Parahippocampal gyrus BA 36 L L

Temporal pole BA 38 L

Fusiform gyrus BA 37 L L

PASAT, Paced AuditorySerial Addition Test; BA, Brodmann areas; L, left; R, right; difference, areas with different activation patterns in between-

groups comparison.

(k=-0.64; p=0.01) peak powers within the alpha band correlated
negatively with the TMA and TMB difference. Lower right
temporal and left parietal peak powers were thus associated with
better TM performance in patients.

Discussion

Modulation of alpha peak frequencies during Paced
Auditory Serial Addition Test

Our study demonstrates alterations in oscillatory activity during
PASAT in mTBI patients using continuous MEG measurements. In
addition to source localization of neural oscillatory activity, we
wanted to implement sensor-level analysis for easier transition of
analysis pipeline to clinical use with EEG. The parieto-occipital
alpha peak frequency differed between PASAT and rest in both
patients and controls, but in a qualitatively different manner. In
controls, the peak frequencies did not change in any other area, but
appeared to increase occipitally during PASAT, whereas in patients
the peak frequencies declined significantly in the left parietal area,
but remained stable occipitally (Fig. 2).

In healthy subjects, increase of alpha peak frequencies has ear-
lier been demonstrated during highly demanding cognitive pro-
cessing®® as well as after strenuous exercise,®’ and it has been
associated with the activation level of neuronal populations.®®
Compatible with our results, Haegens and colleagues found an
increase in alpha peak frequency specifically in the posterior cor-
tical regions during demanding cognitive tasks in healthy sub-
jects.?! Therefore, our observation of a decrease of alpha peak
frequencies over the parietal cortical area during a stressful cog-
nitive task in mTBI patients is a surprising finding and an important
indicator of altered information processing. The decline in alpha
peak frequency may result from aforementioned white matter
damage,* but it has also been associated with different functional
states, such as meditation,®® and certain emotions, such as fear and
sorrow.’® In this setting, the alpha frequency decrease in the pari-
etal area observed in mTBI patients, together with the failure to

increase occipital alpha frequency, might reflect axonal injury af-
fecting white matter integrity. This, in turn, leads to reduced ca-
pacity in the interplay between distinct brain areas needed for the
high-level performance during PASAT, a task demanding inte-
grated activity of multiple cognitive domains.

Modulation of oscillatory power during Paced Auditory
Serial Addition Test

Both control subjects and patients presented significant attenu-
ation of cortical oscillatory activity in the temporo-parieto-frontal
areas during PASAT compared with rest. Our results are in line
with the previous fMRI and positron emission tomography studies
of PASAT task in healthy subjects observing neural activation in
compatible cortical areas than reported here.>*>® Equally with our
results, a study with EEG-evoked responses’' have indicated sig-
nificant activation differences in multiple frontal areas in patients
compared to healthy subjects. Here, the source space analysis of the
underlying cortical activation patterns showed that the attenuation
of oscillatory power in patients was significantly stronger compared
to controls in the left supramarginal and angular gyri, which form
the inferior parietal lobule (Fig. 3C). Previous studies have shown
that a lesion within this area,’>’> or disruption of neural activity
within this region by repetitive transcranial magnetic stimulation,”*
results in impaired addition capability.

Patients displayed stronger attenuation of oscillatory activity
also in the right dorsomedial (DMPFC) and dorsolateral (DLPFC)
pre-frontal cortices. DLPFC is important in monitoring and ma-
nipulation of working memory substance,”>”’® and the right DLPFC
has been associated with arithmetic functions.”” DMPFC has a role
in maintenance of attention and motivation.”>"’® Working memory
paradigms have often activated large areas, including pre-motor
and parietal cortices,”® similarly to our study. According to previ-
ous studies with fMRI, TBI and multiple sclerosis patients tend
to activate larger and multiple areas compared to controls during
the PASAT,?**® which was also true for our mTBI patients using
the MEG method. Here, activated areas in patients were quite
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symmetrical, without left lateralization of temporal activation
probably related to the auditory processing in earlier fMRI studies.
Specifically, patients seemed to activate multiple frontal areas
compared to healthy controls (Fig. 3C; Table 4). Our findings thus
suggest an enhanced frontal control in mTBI patients during the
PASAT, similarly to an earlier EEG study with event-related po-
tentials.’

Correlation of behavioral tests with measured
oscillatory activity

Importantly, patients’ performance in the Trail Making Test
correlated with peak amplitude values over the right temporal and
left parietal cortices during the PASAT. This finding is in line with
previous literature on healthy participants, where stronger alpha-
band attenuation during working memory tasks has been associated
with successful memory performance.®>’® The differences in ac-
tivation patterns between patients and controls, that is, the more
intensive attenuation of oscillatory power and involvement of
frontal cortices during the PASAT in patients, might thus relate to
the inefficient cognitive functioning in these patients, resulting in
enhanced need for task execution monitoring to compensate
trauma-induced deficiency.

During the less-demanding VT condition, significant alterations
in oscillatory activity compared with rest were not observed in
either subject group. This may reflect the smaller cognitive load of
the task, and the result also confirms that the observed differences
in oscillatory activity during the PASAT compared with rest were
not attributed to general differences in attention between groups.
The behavioral results during VT, however, differed significantly
between control and patient groups, connoting a difference in
neural processing.

Oscillatory activity in repeated measurements

In our 12 patients with repeated measurements at 6 months, the
observed task-related changes in oscillatory activity did not alter
significantly, suggesting that the observed neurophysiological ef-
fects may be rather long-lasting and thus observable also later in
time. In the earlier studies presenting significant increase in oc-
cipital alpha frequency during recovery, the first measurement
session was conducted within 48 h, whereas we were able to per-
form the first measurement at earliest 6 days after injury, possibly
explaining part of the difference between the earlier and our re-
sults.**** In our previous study assessing low-frequency oscillatory
activity, the observed aberrant activity disappeared in 3 of 5 pa-
tients by the second measurement at 6 months.*” Therefore, adding
a strenuous cognitive task such as the PASAT to the measurement
protocol might offer additional information in mTBI patients with
cognitive complaints also later during the follow-up. However, the
small number of patients attending the follow-up neuropsycholo-
gical evaluation prevents attempting correlation of these oscillatory
changes with the behavioral test results.

Failure of the conventional clinical evaluation methods to
identify patients with compromised cognitive resources validates
the need for future research. In our study, mTBI patients presented a
decline in areal alpha peak frequencies within activated areas
during a cognitive task, compared with rest. Patients also exhibited
areal alpha peak frequency difference at rest, with lower occipital
alpha peak frequency compared with the parietal region. These
findings might offer new indicators for inefficient cognitive pro-
cessing, easily assessed in individual patients using continuous
EEG recordings during rest and demanding cognitive tasks such

KALTIAINEN ET AL.

as the PASAT. Future studies should thus confirm the modulation
of alpha peak frequency during the PASAT in a large database of
healthy subjects and, subsequently, aim at individual patient level
using preferably EEG because of its easier availability in clinical
practice. The deviant modulation of areal alpha oscillatory ac-
tivity in patients during the PASAT might open possibilities for
continuous EEG monitoring during cognitive testing, an approach
already utilized in aviation for assessing cognitive load in air
traffic controllers.”

Conclusions

During a challenging cognitive task PASAT, mTBI patients
exhibit stronger attenuation of 8- to 14-Hz power in task-relevant
cortical regions in the inferior parietal lobule and frontal cortex
compared to healthy controls, suggesting need for enhanced neural
processing and frontal cognitive control after mTBI; the effects
observed in the MEG measurements correlated with relevant be-
havioral test results. Further, given that areal alpha frequency
modulation during the PASAT differentiated mTBI patients from
healthy controls, the finding might serve as a sensitive indicator of
cognitive problems also in clinical use. Future research is needed to
confirm this pattern, and to develop further ways of assessing single
patients in clinical environments.
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