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Abstract

Introduction: Benign epilepsy with centrotemporal spikes (BECTS) is a common form
of childhood epilepsy with the majority of those afflicted remitting during their early
teenage years. Seizures arise from the lower half of the sensorimotor cortex of the
brain (e.g. seizure onset zone) and the abnormal epileptiform discharges observed
increase during NREM sleep. To date no clinical factors reliably predict disease
course, making determination of ongoing seizure risk a significant challenge. Prior
work in BECTS have shown abnormalities in beta band (14.9-30 Hz) oscillations dur-
ing movement and rest. Oscillations in this frequency band are modulated by state of
consciousness and thought to reflect intrinsic inhibitory mechanisms.

Methods: We used high density EEG and source localization techniques to examine
beta band activity in the seizure onset zone (sensorimotor cortex) in a prospective
cohort of children with BECTS and healthy controls during sleep. We hypothesized
that beta power in the sensorimotor cortex would be different between patients and
healthy controls, and that beta abnormalities would improve with resolution of dis-
ease in this self-limited epilepsy syndrome. We further explored the specificity of our
findings and correlation with clinical features. Statistical testing was performed using
logistic and standard linear regression models.

Results: We found that beta band power in the seizure onset zone is different be-
tween healthy controls and BECTS patients. We also found that a longer duration of
time spent seizure-free (corresponding to disease remission) correlates with lower
beta power in the seizure onset zone. Exploratory spatial analysis suggests this effect
is not restricted to the sensorimotor cortex. Exploratory frequency analysis suggests
that this phenomenon is also observed in alpha and gamma range activity. We found
no relationship between beta power and the presence or rate of epileptiform dis-
charges in the sensorimotor cortex or a test of sensorimotor performance.
Conclusion: These results provide evidence that cortical beta power in the seizure

onset zone may provide a dynamic physiological biomarker of disease in BECTS.
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1 | INTRODUCTION

Benign epilepsy with centrotemporal spikes (BECTS) is a common
childhood focal epilepsy syndrome characterized by a transient pe-
riod of seizure susceptibility followed by sustained remission. The
diagnosis of BECTS is based on stereotyped electroencephalogram
(EEG) and clinical criteria (Scheffer et al., 2017). On EEG, children
are found to have sleep-activated epileptiform discharges in the
central electrodes, corresponding to the sensorimotor cortex (Boor
et al., 2007; Shiraishi et al., 2014). Clinically, seizures are usually
brief, lasting for 1-3 min, typically occur during sleep, and mani-
fest as somatosensory and motor symptoms mainly in the orofacial
region with speech arrest and hypersalivation (Panayiotopoulos,
Michael, Sanders, Valeta, & Koutroumanidis, 2008). Although
BECTS is a common and well-characterized epilepsy syndrome,
seizure course, and disease duration are highly variable between
children and there are currently no measures available to predict
remission. Age of onset can range from 3-16 years, and remission
typically occurs within 2-4 years and before the age of 16 years
(Panayiotopoulos et al., 2008). While 15% of children will have only
a single seizure, 85% may have recurrent seizures over several years
(Bouma, Bovenkerk, Westendorp, & Brouwer, 1997). The perirolan-
dic epileptiform spikes characteristic of this disease have been found
to be unreliable indicators of seizure risk or remission (Kobayashi
et al. 2010; Xie et al., 2018; Kim et al., 2018). Current clinical prac-
tice requires a trial-and-error method for administering anti-epi-
leptic drugs with wide variability and controversy over treatment
strategy (Shields & Carter Snead Ill, 2009). Insufficient treatment
can result in seizures, and rarely death due to sudden unexplained
death in epilepsy (Doumlele et al., 2017). Conversely, unnecessary
exposure to anticonvulsant drugs may introduce cognitive and
physiological side effects during critical years of psychosocial and
cognitive development, including attentional deficits, aggression,
hostility, nervousness, and somnolence in exposed children (Halma
et al., 2014; Masur et al., 2013; Perry, Holt, & Benatar, 2008). Given
the uncertainty of disease course in BECTS, a physiological bio-
marker is needed to help identify risk of seizure recurrence or long
term remission in these children.

Seizures in BECTS present during a time of maturational changes
in cortical physiology which can be measured from noninvasive
EEG studies. Prior work evaluating cortical rhythms in BECTS has
found abnormalities in beta band power in the sensorimotor cortex
during a motor task (Brindley et al., 2016) and rest (Koelewijn et al.,
2015). Beta power is known to change heterochronically over child-
hood and thought to reflect normal cortical maturation (Chu, Leahy,

Pathmanathan, Kramer, & Cash, 2014). Changes in beta power can
also indicate state of consciousness (Engel & Fries, 2010) and can be
modulated by GABA levels, which may be aberrant in seizure disor-
ders (Baumgarten et al., 2016; Jensen et al., 2005; Khazipov et al.,
2004). How and whether beta power relates to state of conscious-
ness and seizure course has not been previously examined in BECTS.

Here, we evaluated whether cortical beta power may provide
a dynamic physiological biomarker of disease in BECTS. We used
high density EEG and source localization techniques to examine
beta band activity in the seizure onset zone (sensorimotor cortex)
in a prospective cohort of children with BECTS and healthy controls
during sleep. We hypothesized that beta power in the sensorimotor
cortex would be different between patients and healthy controls,
and that beta abnormalities would improve with resolution of dis-

ease in this self-limited epilepsy syndrome.

2 | METHODS AND MATERIALS

2.1 | Subjects

Twenty-two children with BECTS (16 M, ages 7.2-14.9) and 11
school-age healthy controls (HC, 3 M, ages 7.2-14.2) were re-
cruited for this study. Patients were required to have a clinical di-
agnosis of BECTS by a board-certified child neurologist following
1989 ILAE criteria (Commission on Classification & Terminology
of the International League Against Epilepsy, 1989), a history of at
least two clinical seizures characterized by focal facial motor activ-
ity or secondary generalized tonic clonic activity, and an EEG that
showed sleep activated centrotemporal spikes. Children with at-
tentional disorders and mild learning difficulties were included as
these findings are consistent with the known cognitive deficits in
BECTS (Wickens, Bowden, & D'Souza, 2017). Medication history,
neurodevelopmental comorbidities, current medication status, and
the month of the most recent seizure were recorded at the time of
the EEG visit. Healthy control subjects were required to have no
known history of epilepsy, neurological, genetic or psychiatric dis-
eases, or intellectual disability. Subjects with a history of abnormal
findings on neuroimaging were not eligible for inclusion in either
group. Among BECTS subjects, the average number of years since
first seizure to the EEG was 2.98 (range 0.1-9.06) and the average
(range) number of years since last seizure was 1.35 year (range,
0-4.25 year). Clinical information on all subjects is listed in Table 1.
Subjects and their guardians gave age-appropriate informed con-
sent according to standards reviewed by the Institutional Review

Board at Massachusetts General Hospital.
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2.2 | EEG data collection and preprocessing

All subjects were instructed to follow a sleep-deprivation protocol
prior to their recording session, with a recommendation to restrict
sleep to 4 hr the night prior. Resting state EEG data were collected
with a 70-channel electrode cap, at a sampling rate of 2,035 Hz.
Prior to recording, EEG electrode positions were digitized using
a 3-D digitizer (Fastrak, Polhemus Inc., Colchester, VA). Subjects
were then recorded in a quiet, resting state with eyes closed until
10 min of NREM sleep was obtained or 2 hr passed, whichever
came first.

After the resting EEG session was completed, somatosen-
sory evoked potentials (SEP) from the median nerve from each
arm were recorded to localize the sensorimotor cortex and con-
firm EEG-MRI co-registration accuracy (Forss et al., 1994; Yao
& Dewald, 2005). Stimulation voltages were increased until the
motor threshold was reached (2.5-3.5 V). If the motor thresh-
old was not reached due to subject discomfort, subjects con-
firmed stimulus sensations were present in the thumb to ensure
the median nerve was stimulated. Approximately 100 stimu-
lations over 4 min were delivered to the left and right median
nerves with a random interstimulus interval between 1,400 and
1600 ms. If insufficient time was available or if subjects did not
tolerate SEP recording, they were omitted from the recording
session. As small changes in EEG sensor location due to subject
movement may impact EEG source space estimates, for all sub-
jects with SEPs that showed clear n20 and p35 peaks (n = 18
BECTS, n =4 HCs), we localized each subject's recorded SEPs
and confirmed accurate localization to the post central gyrus
using MNE software (Gramfort et al., 2014). An example of SSEP
source localization for one patient using this procedure is shown
in Figure 1.

EEG data were manually reviewed by a board-certified clinical
neurophysiologist to identify epochs of wake and sleep according to
standard criteria (Silber et al., 2007) and to manually mark interictal
spikes. Most BECTS subjects (17/22) had centrotemporal spikes on
their study sleep EEG recording; of these 10 had bilateral indepen-
dent spikes, 4 had right centrotemporal spikes, and 3 had left cen-
trotemporal spikes (Table 1). All available NREM sleep epochs were
selected for subsequent analysis. Subjects that did not have NREM
datawere excluded from sleep state analyses. Spectrograms (1 s win-
dows) of the EEG data for all electrodes were then visually inspected
to remove all 1 s epochs contaminated by movement, muscle, and
electrode artifacts, which appear as visually apparent anomalous ac-
tivity or spectral streaks that do not follow expected 1/f properties
of brain oscillations (Chu et al., 2014; Freeman, Rogers, Holmes, &
Silbergeld, 2000; Gasser, Schuller, & Gasser, 2005). As sharp events
are known to impact the estimate of power at all frequencies, es-
pecially at high frequencies (He, Zempel, Snyder, & Raichle, 2010;
Kramer, Tort, & Kopell, 2008), all 1 s time intervals that overlapped
with £50 ms around interictal spike peaks were ignored. Channels
containing any artifacts or with poor recording quality for the en-

tire recording were removed from analysis. A minimum of 100 s of

artifact free data were used for analyses (wake: mean 189 s, range
131-200s; sleep: mean 184 s, range 105-200s). This minimum
epoch duration has been demonstrated to be sufficient to identify
stable EEG physiological brain signals (Chu et al., 2012).

2.3 | MRI data collection and preprocessing

Among all 33 subjects, two subjects could not tolerate the MRI
scan and one subject's MRI was not usable due to gross motion
artifact affecting surface reconstruction, leaving a total of 30 sub-
jects with MRI data. MRI data were collected on the same day as
the EEG data for 22 subjects; eight subjects did not have same
day recording due to subject and scanner schedules and MRI data
were recorded in a subsequent visit (mean duration to next visit:
3.8 days, range: 0-36 days). T1-weighted multi-echo magneti-
zation-prepared rapid acquisition gradient-echo (MEMPRAGE)
images were collected on a 3T MAGNETOM Prisma Scanner
(Siemens, Germany) with the following parameters: TR = 2,530 ms,
TE = (1.69, 3.55, 5.41, 7.27 ms), voxel size 1x1x1 mm, flip angle =7
degrees. Minor distortions in the original volume image due to
nonlinearities in the MRI gradient specific to the hardware used in
our scanner were corrected prior to analysis using interpolation in
a custom MATLAB script.

2.4 | Sensorimotor performance testing

A Grooved Pegboard task administered by a board-certified (AKM)
or board-eligible (BCE) neuropsychologist as close in time to the EEG
recording as feasible (mean 28.6 days, range 0-142 days). This task
provides a quantitative evaluation of motor speed during complex
sensorimotor function in the dominant hand.

2.5 | Source space beta power calculation

In order to improve the spatial resolution of our analysis, we es-
timated the brain electrical activity on the cortical surface and
computed beta power from anatomically designated regions of
interest (ROIs) in each subject. Source analysis of EEG data was
performed using the MNE software package (Gramfort et al., 2014;
Hamalainen & Sarvas, 1989; Sharon, Hamalainen, Tootell, Halgren,
& Belliveau, 2007) with anatomical surfaces reconstructed using
Freesurfer (Fischl, 2012) following previously described methods
(Chu et al., 2015). Briefly, for the forward model, a three-layer
boundary element model (BEM) consisting of the inner skull, outer
skull, and outer skin surfaces with electrical conductivities of
0.33 S/m, 0.006 S/m, and 0.33 S/m, respectively, was generated
(Hamalainen & Sarvas, 1989). The digitized EEG electrode coordi-
nates were co-registered to the reconstructed surface using the
nasion and auricular points as fiducial markers. To generate the so-
lution space, a subdivided icosahedron was fitted to the cortical
surface inflated to the shape of a sphere. This generated a three-
dimensional grid with 4,098 vertices per hemisphere (8,196 total)
from which sources activity was inferred. The inverse operator was
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FIGURE 1

(a) Example EEG field map of averaged activity from ~100 right median nerve stimulations in a single subject. The N20 peak is

confirmed through visual analysis. (b) Electrical source localization is performed utilizing the patients MRI data and co-registered electrode
coordinates. Visual inspection of the N20 peak (yellow) confirms localization to the postcentral gyrus (primary sensory cortex) hand

representation area

computed from the forward solution with a loose orientation con-
straint of 0.6 to eliminate implausible sources and 2 microvolts as
the estimate of EEG noise.

All artifact-free 1 s EEG time intervals were used in the source
space analysis. For each ROI, after source estimates for the en-
tire cortical surface were inferred, all cortical sources within the
ROI were averaged, and the mean beta power per ROl computed.
The power spectrum from data recorded during wake and sleep
states were calculated with nonoverlapping 1 s windows using the
MATLAB function fft and a Hanning taper, giving ~1 Hz frequency
resolution.

Beta band power in each ROl in the right and left hemispheres were
averaged together to achieve a single measure of beta power for each
subject. The power of the source data was calculated in picoamps and
then log scaled (Kramer & Eden, 2016). The resulting power had units
of IoglO(pAz/Hz). Figure 2 outlines the process for inference and cal-
culation of source space beta activity which was visualized using the
Multi-Modality Visualization Tool (LaPlante RA et al., 2017).

2.6 | Selection of ROIs

Our primary ROIs were the lower half of the postcentral and precen-
tral gyri, which approximate the seizure onset zone. Although there
may be subtle individual variations, BECTS is a unique idiopathic
focal developmental epilepsy characterized by stereotyped seizure
semiology and spike features in which the epileptogenic region has
been found to consistently localize to the lower half of the perirolan-
dic cortex using EEG, MEG, and fMRI source localization techniques
(Boor et al., 2007; Pataraia, Feucht, Lindinger, Aull-Watschinger, &
Baumgartner, 2008). As beta activity is variable across brain regions
(for example see Chu et al., 2015), we chose this anatomically con-
sistent ROI across subjects to allow for across subject comparison
between groups.

To generate labels for these regions, vertices in the postcentral
gyrus and precentral gyrus were labeled via the Desikan-Killiany
Atlas (Desikan et al., 2006). A Right-Anterior-Superior (RAS) coor-
dinate system centered at the anterior commissure was generated
using Freesurfer. Using custom MATLAB software, the distance be-
tween the most superior and inferior vertices in the pre and post-

central gyri labels along the coronal plane was calculated. We then

created a separate label using a sphere with the center focused at
the most inferior vertex and the radius equal to half of the distance
between the most superior and inferior points in the rolandic cortex.
All vertices shared by the sphere label and the pre and postcentral
gyri labels were included in the custom labels evaluating the lower
half of the pre and postcentral gyri. The steps to generate this custom
label are outlined in Figure 3. Resulting ROls were visually inspected
to confirm accuracy. All other labels used in exploratory analysis
were generated directly from the Desikan-Killiany Altas (Desikan
etal., 2006).

2.7 | Sensor space beta power calculation

After source space analysis, we also explored whether our findings
were evident in EEG sensor space, which is the most common signal
evaluated in the clinical setting. For this analysis, to improve the focal-
ity of the signal analyzed and minimize the impact of volume conduc-
tion, skull thickness, and other noncortical contributions to the signal,
data were re-referenced to the bipolar montage (Lepage, Kramer, &
Chu, 2014; Nunez & Srinivasan, 2006). The power spectrum from data
recorded during wake and sleep states were calculated following the
procedures used for the source space time series analysis.

In this focal epilepsy syndrome, epileptiform spikes arise inde-
pendently in the left and right hemisphere, and localize to the rolan-
dic cortex (Lin et al., 2003). Thus, we focused our analysis on bipolar
recordings from adjacent electrodes in the sensorimotor cortical
regions of the left and right hemispheres, C3-C5 and C4-Cé, respec-
tively. The average power values in the beta band (14.9-30 Hz) at
each bipolar channel pair were computed in microvolts for every 1 s
time interval in each available arousal state. These values were aver-
aged across time intervals and hemispheres and log scaled to achieve
a single measure of beta band power per subject per state. If one of
the four electrodes was removed during the preprocessing stage due
to excessive artifacts, its bipolar pairing was excluded from analysis
(e.g. if C3 contained artifacts, only the bipolar pair C4-Cé was used).

2.8 | Statistical analysis

To mitigate the impact of false positive results following from the

multiple testing problem, we tested two a priori hypotheses: (a) that
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(b)

FIGURE 2 (a) EEG electrode
coordinates (green) are co-registered

to a detailed head model generated by
each subject's MRI. (b) Boundary element
models of the outer skin (red), outer skull
(blue), and inner skull (white) layers are
generated for the forward solution model.
(c) Example source data at one time point;
the solution is constrained to the cortex
as shown in the axial MRl slice inset
(colors indicate current magnitude). (d)
Source data in the seizure onset zone (e.g.

the lower half of the sensorimotor cortex)
are selected for analysis (example cortical
source activity time series recording

shown in inset)

FIGURE 3 Toisolate the lower half of the peri-rolandic cortex, after registering the MRIs to a shared coordinate system, all cortical
regions shared by pre and postcentral gyri (red, a) and a sphere centered on the most inferior vertex in the rolandic cortex and a radius equal
to half of the distance between the most superior and inferior vertices in the rolandic cortex (yellow, b), were included in the final seizure

onset zone label (blue, c)

the source estimated beta power during sleep in the seizure onset
zone is different in children with BECTS compared to healthy control
children; and (b) that source estimated beta power during sleep in
the seizure onset zone predicts duration seizure-free in patients with
BECTS.

Group comparisons were performed using a logistic regression
model, with beta band power and age as the predictors and group as
the dependent variable. To evaluate whether beta power correlates
with duration seizure-free among BECTS subjects, we performed stan-
dard linear regression with the identity distribution as the link function,
with beta power as the predictor and duration seizure-free as the de-

pendent variable. For a priori tests, significance was set at p < 0.05.

Upon identifying a difference in beta source power, we explored
the specificity of our findings and correlation with clinical features
using logistic and standard linear regression models. As these tests
were investigated post-hoc, they are reported as exploratory results.
For all a priori and post-hoc tests with group or duration seizure-free
evaluated as the dependent variables, age was tested as a predic-
tor and included in a multivariate model as a covariate if found to
be significant. Among BECTS subjects, medication status was not a
significant predictor of duration seizure-free, and therefore was not
included in the analysis. Adjusted and unadjusted p-values are re-
ported, when appropriate and also provided in Table 2 and Tables
S$1-S3.
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TABLE 2 Univariate and multivariate tests to evaluate for a relationship between beta power and group and duration seizure-free

Dependent variable

Logistic regression Healthy control versus BECTS

Linear regression Duration seizure-free

Multivariate beta

Univariate beta power Univariate age power + age

p = 0.887 (wake) p=0.185

p = 0.030 (sleep)® p =0.846

p = 0.008 (wake) p =0.003 Beta p = 0.014°
p = 0.011 (sleep) p =0.011 Beta p = 0.027°

Note. Unadjusted p-values (column 2) and, when appropriate, adjusted p-values accounting for age (column 3) are reported.
Significant value in an a priori test. bPossible relationship identified in exploratory testing

3 | RESULTS
3.1 | Source space beta power in the seizure onset
zone is higher in BECTS children during sleep

We evaluated for differences in beta power between BECTS and
healthy controls in the seizure onset zone (lower half of the sensori-
motor cortex). We found that beta power in the seizure onset zone
predicted group, where BECTS (n = 19) had higher beta power com-
pared to healthy controls (n = 7, p = 0.030, Figure 4, Table 2) during

sleep.

3.2 | Betaband power versus duration seizure-free
in the seizure onset zone

In BECTS, the majority of children who sustain at least 1 year sei-
zure-free will not relapse and have successfully entered disease re-
mission (Berg et al., 2004). Those who are seizure-free for 2 years
are even less likely to have a seizure and more likely to have entered
sustained remission (Berg et al., 2001, 2004). Thus, we used duration
of time (months) seizure-free as a continuous variable to reflect like-
lihood of remission, where the longer a child has been seizure-free,
the more likely that child has entered remission.

We found a significant relationship between beta power in the
seizure onset zone and duration seizure-free measured during sleep
(n =19, unadjusted p = 0.011; adjusted p = 0.027, Figure 5).

4 | SUPPLEMENTAL ANALYSIS

4.1 | State specificity

To explore the specificity of our findings to the sleep state, we
investigated whether the relationships we observed between
beta power and disease status (e.g. BECTS vs. healthy control) as
well as duration seizure-free were observed during wakefulness.
We found that BECTS subjects (n = 19) did not have higher beta
in the seizure onset zone compared to healthy controls (n = 10,
p = 0.887, Figure 4) during wakefulness. Among BECTS subjects,
we did find a possible relationship between beta power in the
seizure onset zone and duration seizure-free measured during
wake (n =19 p = 0.008 unadjusted, p = 0.014, adjusted, Table 2,
Figure 5).

4.2 | Spatial specificity

To explore the spatial specificity of our findings, we investigated
whether the relationships we observed between beta power and
disease status (e.g. BECTS vs. healthy control) as well as duration sei-
zure-free were unique to the seizure onset zone in the sensorimotor
cortex (Figure S1, Table S1). For this analysis, we evaluated regional
and global brain cortical beta power. For these estimates, we gen-
erated a solution space of 162 sources distributed per hemisphere
(324 total). For a global brain beta power estimate, the beta power
was first computed at each source space point for each 1 s interval,
then these values were averaged in space and in time. For lobar beta
power estimates, ROls for the four major lobes (frontal, temporal,
parietal, and occipital) were created using the Desikan-Killiany atlas,
and the beta power at each of the source space points were aver-
aged within each lobar ROl and across all 1 s intervals. These values
were computed in picoamps and then log scaled resulting in units
of IoglO(pAz/Hz). We note that the precentral and postcentral gyri
were not included in the frontal and parietal lobe ROls.

Because only beta power measured during sleep was found to
differ significantly between BECTS and HCs, we analyzed the spatial

specificity of these findings only in sleep. We found that beta power
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FIGURE 4 Logistic regression models of group (BECTS or
healthy control subjects) using electrical source imaging estimates
of beta power in the seizure onset zone. The beta power is a
significant predictor of group during sleep (bottom) but not wake
(top)



SONG ET AL.

MWI LEY_Brain and Behavior

Open Access,

Wake

p=0.014 J;g

)

s o
(ST N

@:::
./'
'

Beta power log | O(pAZ/ Hz)
(=)

20
Duration seizure free (months)

2 .
B
o

Duration seizure free (months)

FIGURE 5 Linear regression models of electrical source imaging estimates of beta power in the seizure onset zone in BECTS, with
predictor of duration seizure-free. Beta power in the seizure onset zone is significantly correlated with duration seizure-free

in the temporal and parietal lobes was a possible predictor of group
(p = 0.037, p = 0.028, respectively; Figure S1) and a possible trend
of global beta power to predict group (p = 0.051). Beta power in the
frontal and occipital lobes did not predict group status (p = 0.176 and
0.189, respectively).

We also found a possible relationship between global source
space beta power and duration seizure-free in both wakefulness
(p = 0.043, unadjusted; p = 0.011, adjusted) and sleep (p = 0.026
unadjusted; p = 0.015, adjusted) in BECTS subjects (n = 19). In lobar
analysis, this relationship was also apparent in both arousal states
in the frontal lobe (wake p = 0.020, sleep p = 0.018). Beta power in
the temporal, parietal, and occipital lobes, did not correlate with

duration seizure-free in either wakefulness or sleep (p > 0.07).

4.3 | Frequency specificity

To evaluate whether the relationships between brain rhythms and
epilepsy in BECTS were beta-specific phenomena, we explored
power in four additional conventional EEG frequency bands: delta
(0.9-4 Hz), theta (3.9-8 Hz), alpha (7.9-12 Hz), and gamma (29.9-
50 Hz; Figure S2, Table S2).

We assessed whether these frequency bands measured during
sleep in the sensorimotor cortex in source space predicted group
status (BECTS vs. HCs). Delta and gamma power during sleep were
not significant predictors of groups status after correcting for age
(p =0.251, p =0.101), while theta trended toward a possible re-
lationship (p = 0.052) and alpha power was a possible predictor of
group status during sleep (p = 0.024).

We also found a possible relationship between duration seizure-
free and power in the alpha band during wake (p = 0.010 unadjusted,
p =0.044 adjusted) and sleep (p = 0.002 unadjusted, p = 0.027 ad-
justed). Gamma power during sleep also showed a possible relationship
with duration seizure-free (p = 0.021 unadjusted; p = 0.013 adjusted).

4.4 | Sensor space analysis

To explore whether our findings could be observed in sensor space data,
we evaluated beta power in the central electrodes and bipolar channel
subsets from each lobe (Figure S3, Table S3). We found no difference

in sensor space central electrode beta power between healthy con-
trols and BECTS subjects during wakefulness (HC = 11, BECTS = 21,
p =0.523) or sleep (HC = 8, BECTS = 21, p = 0.264). We observed no
relationship between duration seizure-free and beta power in sensor
space data during wakefulness (n = 21, p = 0.040 unadjusted; p = 0.336
adjusted) or sleep (n = 21, p = 0.011, unadjusted; p = 0.061, adjusted).

Given the potential clinical utility of identifying a biomarker in
sensor space alone, we explored power in delta, theta, alpha, and
gamma frequencies at the central electrodes during sleep and found
no relationship with duration seizure-free (p > 0.08 for all adjusted
tests). To evaluate for a diffuse abnormality in sensor space, we com-
puted the average beta power across a sampling of bipolar channels
(two channels from each lobe from each hemisphere: F3-F5, F4-F6,
T3-TP7, T4-TP8, P3-P5, P4-P6, O1-PO3, 02-PO4) during wakeful-
ness and sleep and also found no relationship with duration sei-
zure-free (unadjusted p = 0.339 and p = 0.07, respectively; adjusted,
p =0.96 and p = 0.20, respectively).

4.5 | Relationship between beta power and
clinical variables

We explored whether there was a relationship between beta power
and several clinical variables (Table S4). Among all BECTS subjects,
there was no relationship between source space beta power in sleep
in the seizure onset zone and the presence of epileptiform spikes
(p = 0.878). There was a trend toward a relationship between beta
power and spike rate (p = 0.053), but this trend disappeared when
age was included in the regression (p = 0.20).

Among all subjects, there was no relationship between whole
brain source space beta power during sleep and the presence of a
neuropsychological diagnosis (p = 0.674). There was no relationship
between dominant hemisphere rolandic beta power and dominant

hand grooved pegboard performance (p = 0.540).

5 | DISCUSSION

Here we evaluated a cohort of children with a well-characterized,

focal epilepsy syndrome using sophisticated electrical source
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imaging techniques and demonstrate a relationship between rest-
ing cortical oscillations, disease state, and ongoing seizure risk. We
found that abnormal beta frequency cortical rhythms were pre-
sent during sleep in the seizure onset zone in children with BECTS
compared to healthy control children. We further found that,
among children with BECTS, beta power correlated with duration
seizure-free, thereby reflecting a dynamic biomarker that recovers
in conjunction with disease remission.

The analysis of a BECTS population provides several advantages
to our study design. Because children in this population exhibit dis-
ease progression from epilepsy to remission, this allows the evalua-
tion of a biomarker to identify disease and dynamically track disease
status. Furthermore, the consistent focality of the epileptogenic
region amongst BECTS patients allows creation of consistent ROls
across the population. This consistency allows us to formulate our
hypothesis a priori, which minimizes the risk of false positive find-
ings. The lack of a spatially focal target is a particularly important
limitation to studies assessing activity across broad brain regions
using voxel wise comparisons or other exploratory approaches.

Because cortical rhythms are known to change dramatically
over childhood (Chu et al., 2012), these findings may in part be
driven by an atypical trajectory of inherent developmentally me-
diated changes in cortical excitability (Baho & Di Cristo, 2012; Le
Magueresse & Monyer, 2013). Alternatively, the changes in cortical
rhythms observed here could reflect abnormalities in global cortical
volume (Kim et al., 2015; Pardoe, Berg, Archer, Fulbright, & Jackson,
2013), cortical thickness (Overvliet et al., 2013), or white matter mi-
crostructure or connectivity (Ciumas et al., 2014; Kim, Lee, Chung,
Lim, & Lee, 2014; Xiao et al., 2014) that have been reported in chil-
dren with BECTS. Irrespective of mechanism, we find that cortical
power estimates extracted from EEG, an easily acquirable noninva-
sive modality, track with disease and disease course, where reduced
activity in the beta frequency range during sleep could indicate that
a patient is entering disease remission. Furthermore, because sei-
zures in BECTS are often brief, and typically nocturnal, accurate
clinical reporting of seizures can be a challenge in this population. A
reliable physiological biomarker could provide an improved assess-
ment of ongoing seizure risk. In addition, identification of a reliable
biomarker of seizure risk enables insight into the pathophysiology
of the disease as well as a rapid assay to quantify changes in seizure
risk in individual treatment trials and large-scale clinical trials. As
our study was limited by a small sample size, additional studies with
larger samples are required to validate our observations. Future
longitudinal studies are required to evaluate whether serial changes
in beta power may provide an early indication of disease remission.

Consistent with the observation that BECTS is a sleep-acti-
vated disease, we found abnormal cortical rhythms were prom-
inent during sleep in BECTS subjects, but less evident during
wakefulness. Among BECTS subjects, we found that beta power
decreased during both wakefulness and sleep as these subjects
entered remission. These results suggest that altered beta ac-
tivity may also be present during wakefulness, but fail to distin-
guish healthy controls from BECTS subjects, potentially due to
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the increase in noise caused by muscle artifact or other brain
activity during wakefulness. As there is high variability in beta
power among healthy controls, a larger study would have more
power to identify a smaller effect, if present, in the wake data,
that remained undetected here. Alternatively, the altered cortical
rhythms may be activated by the same processes that support
epileptiform activity during sleep (Sanchez-Vives & McCormick,
2000; Steriade, Contreras, & Amzica, 1994) or the abnormal cor-
tical rhythms themselves may support ictal processes. NREM
sleep increases seizure susceptibility in various forms of epilepsy
(Bazil & Walczak, 1997; Minecan, Natarajan, Marzec, & Malow,
2002; Shouse, Scordato, & Farber, 2004), though the prominent
feature of this sleep state is slower delta and theta range activity
(Iber, Ancoli-Israel, Chesson, & Quan, 2007). Future work to eval-
uate for subtle differences in beta power during sleep in other
sleep activated epilepsy syndromes will clarify the generalizabil-
ity of this finding.

Our post-hoc analyses suggest that the abnormalities in cortical
rhythms were not restricted to the beta band. Rather, we observed,
across large regions of cortex, possible relationships between power
inthe alpha and theta frequencies in children with BECTS compared to
healthy controls. We further observed possible relationships between
duration seizure-free and power in the alpha and gamma frequencies.
While GABA-mediated changes would be expected to involve the beta
and gamma bands (Whittington, Traub, Kopell, Ermentrout, & Buhl,
2000), the decrease in power is unlikely to directly reflect changes in
GABA activity alone (Baumgarten et al., 2016; Muthukumaraswamy
et al., 2013) and the underlying mechanisms supporting these obser-
vations remain unknown. We did not find a relationship between beta
power and the presence of spikes or spike rate in the seizure onset
zone. This observation suggests no strong relationship between these
two phenomena; rather epileptiform spikes and beta rhythm abnor-
malities may reflect independent processes in this disease. Here, we
removed all 1s intervals surrounding spikes from the data to avoid
the filter artifact created by sudden, large changes in voltage, as seen
with spikes (Kramer et al., 2008). Thus, brief, discrete increases in beta
power immediately surrounding spike events could not be ruled out.

Contrary to the expectation that abnormalities in cortical physi-
ology would be restricted to the seizure onset zone in focal epilepsy,
we found abnormalities in beta activity across parietal and tem-
poral lobes in children with BECTS compared to healthy controls.
Global and frontal lobe beta power decreased with the duration sei-
zure-free. These findings suggest that the abnormalities in cortical
rhythms observed are not discretely tied to the focal epileptiform
spikes characteristic of this disease. Rather, consistent with recent
observations that BECTS is a complex neuropsychiatric disease in-
volving broad neurocognitive dysfunctions beyond the observed
clinical seizures (Wickens et al., 2017), we observe that BECTS
rhythm abnormalities may be diffuse, involving multiple cortical re-
gions. We note that we did not find a direct relationship between full
scale 1Q and global beta power or sensorimotor performance and
peri-rolandic beta power. This finding suggests a strong direct re-
lationship between diffuse cortical rhythms and function does not
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exist, however in these exploratory analyses there was insufficient
power to identify a subtle relationship. As these post-hoc findings
were exploratory, they require validation in a future study.

Finally, we found that electrical source imaging techniques were
more sensitive to abnormalities in power compared to sensor space EEG
recordings. This is likely due to the spatial blurring of electrical activity
during volume conduction from the cortex, through the skull, and to the
scalp (Nunez & Srinivasan, 2006). The electrical source imaging algorithm
we used, MNE, has been demonstrated to be an accurate and reliable
method for localizing sources of EEG activity (Hauk, 2004; Komssi,
Huttunen, Aronen, & limoniemi, 2004). On supplementary analysis, we
did observe a trend in sensor space analysis, in which beta power tended
to decrease with duration seizure-free. Future work evaluating larger
datasets or longitudinal data may provide sufficient sensitivity to detect

within subject changes to utilize sensor space recordings for this measure.

6 | CONCLUSION

Our finding of abnormalities in beta power in the seizure onset
zone in children with BECTS compared to healthy controls may pro-
vide a novel, accessible, and easily obtainable biomarker to evalu-
ate these patients. Although we found evidence of involvement
of broad brain regions and frequency ranges, differences were
most consistent in the beta band and in the seizure onset zone.
Furthermore, this work supports the utility of quantitative EEG
analysis and electrical source imaging techniques to reveal sub-
tle differences in cortical physiology that cannot be appreciated
through visual analysis or sensor-based analysis alone. Future work
to evaluate the relationship of cortical rhythms to the underlying
disease process in epilepsy will help us better understand whether

these findings reflect pathologic or compensatory mechanisms.
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