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Abstract

Objective: To understand the impact of interictal spikes on brain connectivity in patients with 

Self-Limited Epilepsy with Centrotemporal Spikes (SeLECTS).

Methods: Electroencephalograms from 56 consecutive SeLECTS patients were segmented into 

periods with and without spikes. Connectivity between electrodes was calculated using the 

weighted phase lag index. To determine if there are chronic alterations in connectivity, we 

compared spike-free connectivity to connectivity in 65 matched controls. To understand the 

acute impact of spikes, we compared connectivity immediately before, during, and after spikes 

versus baseline, spike-free connectivity. We explored whether behavioral state, spike laterality, or 

antiseizure medications affected connectivity.

Results: Children with SeLECTS had markedly higher connectivity than controls during sleep 

but not wakefulness, with greatest difference in the right hemisphere. During spikes, connectivity 

increased globally; before and after spikes, left frontal and bicentral connectivity increased. 

Right hemisphere connectivity increased more during right-sided spikes than left; left hemisphere 

connectivity was equally affected by right and left spikes.

Conclusions: SeLECTS patient have persistent increased connectivity during sleep; 

connectivity is further elevated during the spike and perispike periods.

Significance: Testing whether increased connectivity impacts cognition or seizure susceptibility 

in SeLECTS and more severe epilepsies could help determine if spikes should be treated.
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1. Introduction1

Self-limited epilepsy with centrotemporal spikes (SeLECTS), also known as Benign 

Rolandic Epilepsy, is the most common focal childhood epilepsy syndrome (Specchio et 

al., 2022; Stephen et al., 2020; Wirrell, 1998). SeLECTS is characterized by self-limited 

nocturnal focal sensorimotor seizures and sleep-activated centrotemporal spikes. Not every 

child with SeLECTS takes anti-seizure medications, and spikes are not a treatment target 

(Panayiotopoulos et al., 2008; Wirrell, 1998). Most children outgrow SeLECTS but they 

often have cognitive and behavioral comorbidities, especially affecting language and 

attention (Kavros et al., 2008; Smith et al., 2015, 2012; Teixeira and Santos, 2018; Vannest 

et al., 2015; Wickens et al., 2017). Some posit that SeLECTS is an epileptic encephalopathy 

that disrupts brain function during childhood (Berg et al., 2010; Kramer et al., 2021; Spencer 

et al., 2022; Vannest et al., 2015) with potentially lasting cognitive consequences (Monjauze 

et al., 2011). Understanding the impact of SeLECTS on brain function, and specifically the 

role that spikes play, has important clinical implications.

Evidence suggests that SeLECTS subtly changes structural and functional brain 

connectivity. Imaging demonstrates reduced structural connectivity between the Rolandic 

regions and the frontal and temporal language regions (Besseling et al., 2014, 2013a) as 

well as the thalami (Thorn et al., 2020). Longitudinal studies suggest that divergence in 

structural connectivity from the healthy population increases over the course of the epilepsy 

and that this correlates with neurocognitive difficulties (Garcia-Ramos et al., 2019, 2015). 

Functional magnetic resonance imaging (fMRI) identifies altered connectivity between 

Rolandic and language regions (Besseling et al., 2013b), as well as default mode network 

differences (Oser et al., 2014) that also evolves over the course of the disease (Zeng et al., 

2015). Whether spikes drive connectivity abnormalities remains an open question. Several 

fMRI studies found that spike-related connectivity alterations (Li et al., 2017; Ofer et al., 

2018; Xiao et al., 2016) correlate with cognitive performance. Few studies have looked 

at connectivity in SeLECTS with electroencephalogram (EEG). EEG directly measures 

brain activity with high temporal sensitivity, and thus may be well-suited to isolate the 

impact of spikes. Two EEG studies (Adebimpe et al., 2015; Ghantasala and Holmes, 2019) 

found widespread increases in connectivity during spikes, but one (Ghantasala and Holmes, 

2019) did not control for volume conduction, which can inflate connectivity estimations. 

EEG studies comparing spike-free periods in children with SeLECTS vs. children without 

epilepsy (Adebimpe et al., 2016, 2015; Clemens et al., 2016; Varotto et al., 2018) have 

focused on wakefulness, even though the majority of seizures and spikes occur in sleep. A 

1Functional Magnetic Resonance Imaging (fMRI), Generalized estimating equations (GEE); International Classification of Disease 
(ICD), Self-limited Epilepsy with Centrotemporal Spikes (SeLECTS), weighted Phase Lag Index (wPLI)
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single EEG study (Varotto et al., 2018) found more prominent connectivity differences in 

sleep than wakefulness.

Here we aimed to: 1) compare connectivity between children with and without SeLECTS 

during both sleep and wakefulness; and 2) assess the topology and duration of connectivity 

changes associated with spikes. We analyzed clinical EEGs obtained from children with 

SeLECTS and compared connectivity during spike-free periods both awake and asleep 

with that of age- and sex-matched children without epilepsy. To understand the duration 

of spike-related effects, we compared connectivity in the 500ms preceding, during, and 

following spikes to spike-free periods. We used weighted Phase Lag Index (wPLI), a phase-

based connectivity measurement that minimizes volume conduction (Vinck et al., 2011). 

We focused on beta-frequency band connectivity which can be estimated in short epochs 

(Cohen, 2014) and has been reported abnormal in SeLECTS (Adebimpe et al., 2016, 2015; 

Clemens et al., 2016; Song et al., 2019). We hypothesized that children with SeLECTS 

would have connectivity differences compared to children without epilepsy in both the 

awake and sleep state and that centrotemporal spikes would increase connectivity.

2. Methods

2.1 Inclusion Criteria:

The Stanford University Institutional Review Board approved this study. Using Stanford 

Research Repository Tools, we searched all clinical records using a combination of 

International Classification of Disease (ICD)-9 and ICD-10 codes, procedural codes, and 

keywords to identify children born between January 2005 – December 2015 who underwent 

a routine EEG before October 2019 at Lucile Packard Children’s Hospital with a possible 

diagnosis of SeLECTS. We reviewed resulting medical records to confirm age of onset 

between 3–15 years old, appropriate seizure semiology (hypersalivation, facial/hemibody 

twitching, or nocturnal tonic-clonic), and centrotemporal spikes on EEG (Fisher et al., 

2017). We excluded children with a history of: prematurity (<35 weeks); abnormal brain 

MRI; other epilepsy syndromes; neurosurgery; severe brain injury; diagnosed genetic 

disorder; profound intellectual disability; or severe medical conditions (i.e. congenital heart 

disease, cancer, chronic immunomodulation). Sex and age (within 1.25 years) matched 

controls were identified by searching for children born between July 2001-December 2017 

evaluated for syncope, headache, or altered consciousness and for whom, after evaluation, 

there was no concern for epilepsy or serious neurologic problem. We applied the same 

exclusion criteria and additionally excluded children on antiseizure or other psychoactive 

medications. Since not every child slept, we included additional controls to obtain matched 

sleep data.

2.2 EEG Acquisition:

EEGs were recorded using the Nihon-Kohden acquisition system with a standard 10–20 

montage with 19 scalp electrodes at 200 or 500Hz.
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2.3 EEG Annotation (Figure 1):

EEGs were manually annotated by a research assistant (BG) and reviewed by a board-

certified child neurologist/epileptologist (FMB).

2.3.1 Spike-Related Epochs: Spikes were identified only in the SeLECTS group. We 

annotated the point of maximal negativity and classified each spike as falling into one 

of four categories (left-awake; left-asleep; right-awake; right-asleep) based on hemisphere 

of maximum amplitude and behavioral state. We defined sleep by loss of the posterior 

dominant rhythm plus presence of sleep architecture; sleep was limited to Stage II in these 

30–60 minute studies. A spike category was included only if the patient had at least 18 

such examples of that spike type; this number was chosen to maximize data included while 

ensuring stable connectivity estimates, which can be sensitive to low trial numbers (Cohen, 

2014). Each annotation was used to generate 3 distinct spike-related epochs: pre-spike (−700 

to −200ms), spike (−200 to 300ms), and post-spike (300 to 800ms). Spikes and any after 

going slow-wave fell within the spike epoch. We only annotated spikes separated by at least 

1.5 seconds to prevent overlapping epochs.

2.3.2 Baseline/Spike-Free Epochs: For the SeLECTS and control groups, we 

identified 500ms epochs at least 2 seconds away from any artifact and, for the SeLECTS 

group, at least 2 seconds away from spikes (preferentially >5 seconds away). We classified 

baseline epochs as awake or asleep as above and excluded spindles, vertex waves, or 

K-complexes in sleep epochs. For SeLECTS patients, we matched the number of spike-free 

to spike-related epochs (i.e. 23 right-awake spikes to 23 awake spike-free epochs). We also 

matched the number of spike-free epochs contributed by the SeLECTS and control subjects 

at the group level.

2.4 Calculation of Connectivity Measures:

The EEG was band pass filtered between 12–30Hz using a zero-phase, acausal filter (firwin 

design, Hamming window from the mne-python library) to extract the beta band, down-

sampled to 200 Hz, and then the Hilbert transform was applied (Cohen, 2014). The analytic 

signal was segmented into 500ms epochs described above. Using mne-python (version 0.21) 

package (Gramfort et al., 2013), the wPLI over time was calculated between each of the 

171 electrode pairs for every epoch using custom python code (Cohen, 2014; Lee-Messer, 

2021; Vinck et al., 2011). Data was prepared for statistical analysis using the Pandas 

(Mckinney, 2018; Reback et al., 2022) python software package facilitated by the PyArrow 

(Apache Arrow Team, 2022), fastparquet (Durant, 2022) and RAPIDS libraries (RAPIDS 

Development Team, 2018; for overview see Raschka et al., 2020) in order to process the 

data more quickly and store it more efficiently. We quantified connectivity in 2 ways. First, 

we calculated the “pairwise connectivity” for each of the 171 unique electrode pairs by 

averaging the wPLI values for all epochs of a given type (i.e. all right-awake pre-spike 

epochs). We then calculated an “average connectivity” for each of the 19 electrodes 

by averaging the pairwise connectivity values between that electrode and the other 18 

electrodes. We included the average measurement as it improves stability of connectivity 

estimates in pediatric data (Haartsen et al., 2021).
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2.5 Statistical Analysis

Statistical analyses were performed using Statistical Analysis System (SAS) OnDemand 

for Academics (Cary, NC). We tested for significant differences in age and sex between 

the SeLECTS and control groups using the student t-test and chi-square test respectively. 

We used a 1-way ANOVA to assess for significant differences in epoch numbers for any 

of the groups/conditions being compared, specifically: (1) between groups (SeLECTS and 

controls), in the number of spike-free awake and asleep epochs; and (2) within the SeLECTS 

group, in the number of epochs for each of the four spike categories (left-awake; left-asleep; 

right-awake; right-asleep).

All further analyses focused on connectivity. Since subjects contributed multiple 

connectivity outcome measurements (i.e. awake and asleep spike-free epochs) to each 

model, we used a generalized estimating equations (GEE) with an independent correlation 

matrix (Zeger and Liang, 1986; Zeger et al., 1988) to account for repeated-measures and 

correlation within individuals.

To test if baseline, spike-free connectivity in children with and without SeLECTS differed 

in sleep or wakefulness, we fit a GEE model with connectivity as the dependent variable 

and group (SeLECTS/controls), behavioral state (awake/asleep), and the interaction between 

the two as the independent variables and performed analyses stratified by behavioral state. 

For average connectivity, we ran separate models for each of the 19 electrodes and after 

Bonferroni correction, considered p-values <0.0026 significant. For pairwise connectivity, 

we ran separate models for each of the 171 unique electrode pairs and, after Bonferroni 

correction, considered p-values <0.0003 significant. We adjusted models for age and sex as 

we were comparing two independent groups. We also adjusted for antiseizure medication 

use as not all SeLECTS children were medicated and furthermore conducted a sensitivity 

analysis comparing controls to unmedicated patients.

To assess the impact of spikes on connectivity, we calculated the change in connectivity 

from the spike-free baseline (Connectivity in Spike Epoch – Connectivity in Spike-Free 

Epoch) as the dependent variable matching for behavioral state. We modeled each of the 

three spike-related epochs (pre, during, post) separately. We fit a GEE model with only an 

intercept where the intercept quantified change in either: 1) the average connectivity of each 

electrode; or 2) the pairwise connectivity between all electrodes, with Bonferroni correction 

as above. We used a GEE model to account for repeated measures as each subject could 

contribute up to four potential categories of spikes (left-awake; left-asleep; right-awake; 

right-asleep). Given that we investigated the ability of a spike to perturb connectivity from 

baseline, and hence individuals were compared to themselves, we did not adjust for age, sex 

or medication use. In exploratory analyses, we tested if behavioral state, spike laterality, and 

antiseizure medication use altered spike-related connectivity changes.

3. Results

3.1 Subjects (Figure 2):

Of the initial 300 patients reviewed, 56 met inclusion and exclusion criteria. We reviewed 

1019 charts to identify 56 controls who were 1:1 age and sex matched with children in the 
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SeLECTS group. As only 32 controls slept during their EEG as compared to 41 SeLECTS 

patients, we included an additional 9 controls with sleep EEGs who otherwise met inclusion 

criteria, including 65 controls in total.

3.2 Clinical Information:

There were no group differences in age at EEG (SeLECTS 8.69+/− 2.03yrs; controls 8.80+/

−2.40yrs; t(120)=0.44, p =0.80) or sex distribution (SeLECTS 40/56, 71% male; controls 

43/65, 66% male, X2(1, n=121)=0.39, p=0.53). The average age of SeLECTS onset was 

8.69 +/− 2.04 years and the median time between first seizure and EEG was 0.08 years 

(IQR 0.77 years). Fifteen (27%) SeLECTS patients were taking antiseizure medication: 6 

oxcarbazepine, 7 levetiracetam, 1 sulthiame, and 1 valproate. Indications for control EEGs 

included syncopal spells (46/65, 71%), staring spells (9/65, 14%), nocturnal waking with 

vomiting (1/65, 1.5%), episodes of confusion (3/65, 4.5%), inattention (4/65, 6%), tremors 

(1/65, 1.5%), and nausea (1/65, 1.5%).

3.3 Epoch Counts:

Fifty-three SeLECTS and 65 controls contributed awake spike-free epochs; 41 SeLECTS 

and 41 controls contributed asleep epochs. Number of spike-free awake (SeLECTS = 

26 +/−8; controls=26 +/− 5; t(116)=1.73, p=0.09) or asleep epochs (SeLECTS=24+/−3; 

controls=24+/−4; t(80)=0.17, p=0.86) did not differ between groups. Of the 56 SeLECTS 

patients, 19 had only left hemispheric spikes on the EEG, 21 only had only right 

hemispheric spikes, and 16 had bilateral independent spikes. We were able to extract both 

left and right-sided spike epochs from 11 of the 16 patients with bilateral independent 

spikes; for the remaining 5 patients, we were only able to extract right spike epochs from 

4 and left spike epochs from 1. We excluded bilaterally synchronous spikes (spikes of 

equal amplitude in both hemispheres) from the analysis as there were not enough epochs 

nor enough patients with synchronous spikes to generate meaningful connectivity estimates. 

In total, 20 SeLECTS patients contributed left-awake spikes (mean 26+/−8 epochs), 18 left-

asleep spikes (23+/−3 epochs), 20 right-awake spikes (24+/−6 epochs), and 29 right-asleep 

spikes (24+/−4 epochs). There was no significant difference in the number of epochs for 

each spike category (F(3,83)=1.03, p=0.38).

3.4 Group Differences in Baseline (Spike-Free) Connectivity (Figure 3; Table 1:

We compared connectivity between SeLECTS and controls during baseline spike-free 

epochs, adjusting for age, sex, and medication use.

3.4.1 Average Connectivity of Each Electrode: There were no group differences 

in the average connectivity of each electrode during wakefulness. In contrast, there were 

widespread group differences during sleep, with the SeLECTS group showing significantly 

higher connectivity in all but five electrodes (F3, F7, Fz, Cz, T4).

Pairwise Connectivity between All Electrodes:  SeLECTS patients showed higher 

connectivity than controls during sleep between 4 electrode pairs: F8 to T6 (0.04, CI 0.02 

to 0.07, p<0.0001); F8 to O2 (0.05, CI 0.02 to 0.07, p<0.0001); F4 to O2 (0.06; CI 0.03 to 
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0.09, p<0.0001); and T4 to P3 (0.05, CI 0.02 to 0.08, p=0.0002). Connectivity did not differ 

between groups during wakefulness.

3.4.2 Sensitivity Analysis of Unmedicated Patients (Supplemental Table 
1): Unmedicated SeLECTS patients (41/56, 73%) had elevated average connectivity 

compared to controls at 6 electrodes (Fp1, P4, T3, T5, T6, and O2). Pairwise connectivity 

was elevated in SeLECTS vs. controls in sleep between F8 to T6 (0.05, CI 0.02 to 0.07, 

p=0.0001); F8 to O2 (0.05, CI 0.03 to 0.08, p <0.0001); F4 to O2 (0.06, CI 0.02 to 0.08, 

p=0.0003).

3.5 Duration and Topography of Spike-Related Connectivity Changes (Figure 4, Table 2):

We next assessed if connectivity in the pre-, during-, or post-spike epochs differed from 

connectivity in the spike-free epochs.

3.5.1 Change in Average Connectivity of Each Electrode: Connectivity during 

the spike epoch was significantly elevated compared to the spike free baseline at all 

electrodes. In the pre-spike epoch, connectivity was elevated from baseline significantly 

at F3 (0.01, CI 0.005 to 0.02, p=0.002) and at a trend level at F7 (0.01, CI 0.003 to 

0.02, p=0.004). In the post-spike epoch, connectivity was elevated at C3 (0.01, CI 0.005 to 

0.02, p=0.0008), C4 (0.01, CI 0.004 to 0.02, p=0.0004), and F3 (0.01, CI 0.005 to 0.02, 

p=0.0009). As we were surprised that only the left frontal and not the bifrontal regions 

showed increased pre-spike connectivity, we tested if baseline connectivity differences 

between the hemispheres specific to SeLECTS could explain the left frontal finding using 

a mixed-factor ANOVA. Connectivity was higher at F8 than F7 (F(1,80)=4.59, p=0.04) 

and trended higher at F4 vs. F3 (F(1,80)=3.02, p=0.09), but this asymmetry did not differ 

between SeLECTS vs. controls (Group*Hemisphere interaction for F7/F8, F(1,80)=0.56, 

p=0.458; for F3/F4, F(1,80)=1.41, p=0.24). There were no other baseline connectivity 

differences between the hemispheres (Supplemental Table 2).

3.5.2 Change in Pairwise Connectivity between All Electrodes: Connectivity 

was significantly elevated during the spike compared to spike-free baseline between all 

electrode pairs except C3 to C4. In the pre-spike epoch, connectivity was elevated between 

the left frontal (F3) and bicentral regions (F3 to C3 increased by 0.03, CI 0.02 to 0.05, 

p<0.0001; F3 to C4 by 0.03, CI 0.02 to 0.05, p<0.0001). In the post-spike epoch, there was 

no significant change in connectivity between any electrode pairs.

3.6 Factors Modifying Spike Connectivity:

We assessed if behavioral state (sleep/wake), medication use, or spike lateralization (left/

right) influenced the degree that connectivity changed in the pre-spike, spike, or post-spike 

epochs.

3.6.1 Behavioral state & Antiseizure Medications (Supplemental Tables 3–
4): Behavioral state did not influence the increases in average connectivity or pairwise 

connectivity from baseline in pre-spike, spike, or post-spike epochs. Antiseizure medications 

did not subdue the increases in average connectivity in the pre-spike, spike or post-spike 
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epochs. In the pairwise analysis, Fz to Cz connectivity was greater in medicated than 

unmedicated children (0.05, CI 0.02–0.08, Z=3.68, p=0.0002).

3.6.2 Spike Laterality (Figure 5, Table 3): Spike laterality modified the topographical 

distribution of connectivity changes. As might be expected, connectivity in the right 

hemisphere increased more with right than left spikes. Interestingly, left and right spikes 

increased left hemisphere connectivity to a similar extent.

3.6.2.1 Average Connectivity of Each Electrode:  During the spike epoch, connectivity 

in the right hemisphere increased more with right than left centrotemporal spikes, 

significantly so at F8, P4, T4 and T6 and trending at F4, O2, and Pz. In contrast, no 

region showed larger increases with left spikes than right ones. Connectivity in the pre- and 

post-spike epochs was not modified by spike laterality.

3.6.2.2 Pairwise Connectivity between All Electrodes:  Connectivity between 19 

electrode pairs increased more with right than left centrotemporal spikes. All 19 pairs 

involved at least one right hemispheric electrode: 10 pairs were fully within the right 

hemisphere (Fp2-F8, F4-F8, F8-T4, C4-T4, T4-O2, T4-P4, T4-T6, T6-P4, T6-O2, P4-O2); 

4 pairs were between the right hemispheric and vertex (F4-Fz, F8-Fz, T4-Pz, P4-Pz), and 5 

pairs were between right and left hemispheres (Fp1-T4, F7-T4, F7-T6, F7-P4, C3-T4). No 

pairs showed a greater increase in connectivity with left vs. right spikes. Spike laterality did 

not affect the increase in pre- or post-spike epoch connectivity.

4. Discussion

Prior studies of children with SeLECTS (Adebimpe et al., 2015; Ghantasala and Holmes, 

2019; Li et al., 2017; Ofer et al., 2018; Xiao et al., 2016) found that spikes induce an 

immediate and diffuse increase in brain connectivity, but whether spikes lead to chronic 

changes is not understood. This large retrospective study addressed this important question 

in two ways. First, we compared brain connectivity in children with SeLECTS during spike-

free epochs to that of age and sex-matched children without epilepsy and found increased 

connectivity during sleep but not wakefulness. Second, we measured the topographical 

distribution and duration of connectivity changes associated with individual spikes. We 

confirmed that spikes are associated with large-scale increase in brain connectivity, 

similar to (Ghantasala and Holmes, 2019) and furthermore identified frontal and central 

connectivity changes that precede visible spikes and persist after the spike. Finally, we found 

differences between the right and left hemisphere connectivity during both spike- and spike-

free epochs. We measured connectivity with wPLI, because it can estimate connectivity 

using short epochs proximate to spikes and is robust against volume conduction (Vinck et 

al., 2011).

4.1 Baseline Spike-Free Connectivity

Prior studies in SeLECTS have found functional connectivity changes, but location and 

direction of these changes has not been consistent across studies. Inconsistencies can be 

attributed to imaging modality (EEG, magnetoencephalogram, fMRI), analytic methods (i.e. 

connectivity measures) used, or patients’ behavioral state. While most studies examine only 
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wakefulness, our study also examines sleep, when EEG abnormalities and seizures are most 

prominent. We find robust and diffuse increases in connectivity in SeLECTS compared to 

controls limited to sleep. Given that we analyzed epochs remote from spikes, we think 

this represents a chronic state change rather than an acute effect of spikes. A potential 

explanation is that hypersynchronization during sleep is fundamental to the disorder, with a 

pathologic sleep state permitting increased spikes and seizures in SeLECTS. An alternative 

hypothesis is that frequent spiking drives increased connectivity. Several existing lines of 

evidence suggest that pathologic sleep is a feature of SeLECTS. First, a prior EEG study 

showed more profound connectivity differences in sleep than wakefulness (Varotto et al., 

2018). This study found reduced connectivity during sleep as measured by partial directed 

coherence, a directed connectivity measure that assesses if prediction of future signal in one 

region is enhanced by information about past signal in a different region. In contrast, wPLI 

captures only phase synchronization between regions. If brain regions oscillate in a highly 

synchronous way, leading to an elevated wPLI, each region may contribute less “unique” 

information to a prediction model and decrease directed coherence. Taken together, these 

studies suggest that children with SeLECTS have diminished variability in brain oscillations 

during sleep. Kramer et al. (2021) also concluded that SeLECTS may be a disorder of 

abnormal sleep after finding that spindle deficits correlate more strongly with cognitive 

outcomes than spikes and improve as seizures resolve. Electrical status epilepticus of sleep, 

a related but more severe condition, is also associated with pathologically elevated synaptic 

strength in sleep (Bölsterli Heinzle et al., 2014).

Pairwise analysis found that connectivity was significantly elevated compared to controls 

only between four electrode pairs. The remaining electrode pairs also showed higher 

connectivity than controls, but did not meet the stringent criteria for significance. Notably, 

three significant pairs included a right frontal electrode, suggesting that SeLECTS may 

have a particularly large impact on the right frontal region even in the absence of spikes. 

Consistent with this, fMRI identified altered right inferior frontal gyrus connectivity in 

SeLECTS (Besseling et al., 2013c). The elevated connectivity may relate to previously 

described structural changes. A longitudinal imaging study (Garcia-Ramos et al., 2019) 

found more synchronized changes in cortical volumes in SeLECTS than controls throughout 

the brain. The increased functional connectivity we see even at time of diagnosis could drive 

these synchronous structural changes or alternatively be due to them, a hypothesis that could 

be tested with paired longitudinal EEG and MRI measurements.

Children with SeLECTS had similar connectivity to controls during wakefulness, suggesting 

that excessive synchrony is a state-specific rather than constant feature of SeLECTS. 

A single EEG study (Varotto et al., 2018) also found minimal connectivity differences 

during wakefulness compared to sleep. Two other studies identified altered connectivity 

during wakefulness. One found increased beta-band connectivity between the bifrontal and 

fronto-temporal regions (Clemens et al., 2013) whereas the second, performed on a small 

homogenous group of children with right centrotemporal spikes (Adebimpe et al., 2016), 

noted globally increased alpha and decreased beta phase synchronization. These studies may 

be more sensitive to connectivity changes during wakefulness as they analyzed connectivity 

in source space, whereas we were limited to less sensitive channel space analyses (Song 

et al., 2019) by the low-density nature of clinical recordings. Furthermore, because our 

Goad et al. Page 9

Clin Neurophysiol. Author manuscript; available in PMC 2024 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



connectivity measure, wPLI, is stringent against volume conduction, it can be less sensitive 

to true differences. The single prior study using wPLI in SeLECTS (Choi et al., 2019) 

is not directly comparable as some EEGs were recorded sedated. While our methodology 

may miss true differences between children with and without SeLECTS in wakefulness, it 

signifies that the increased connectivity seen in sleep is profound.

4.2 Duration and Topography of Spike-Related Connectivity Changes

Our findings support prior studies showing global increases in connectivity during 

centrotemporal spikes (Adebimpe et al., 2015; Ghantasala and Holmes, 2019) and 

demonstrate that this is unlikely to be an artifact of volume conduction (Vinck et al., 

2011). The widespread impact of spikes is limited to the 500ms spike epoch, but more 

focal changes are evident before and after spikes. Preceding the spike, left frontal (F3) 

connectivity increases, most notably between F3 and the bicentral (C3 and C4) electrodes. 

Average connectivity of F3, C3, and C4 also remain elevated after the spike. This is 

interesting as SeLECTS patients have language dysfunction. Though spatially-imprecise, 

F3 roughly overlays Broca’s expressive language area (left inferior frontal gyrus) whereas 

the central electrodes (C3, C4) overlay motor cortex. The fMRI literature has identified 

differences in connectivity between the sensorimotor and left frontal regions. One study 

identified reduced connectivity between the left inferior frontal gyrus and motor regions in 

children with SeLECTS (Besseling et al., 2013b). A second study found increased regional 

homogeneity (a measure of blood oxygen level-dependent [BOLD] signal synchronization, 

potentially representing local neuronal activity) in the sensorimotor and left frontal language 

regions in new-onset SeLECTS, which remain elevated only in the left frontal regions in 

long-standing epilepsy (Zeng et al., 2015). Our findings generally align with previously 

reported differences between the left frontal and sensorimotor regions, even though scalp 

EEG lacks the spatial specificity of fMRI.

4.3 Laterality

Ghantasala and Holmes (2019) argued that SeLECTS behaves like a generalized epilepsy 

because they observed that widespread increase in connectivity were not modified by 

spike laterality. In contrast, we found several lateralized effects. First, connectivity in the 

right hemisphere increases more with right than left spikes; however, the converse is not 

true in the left hemisphere, where right and left spikes increase connectivity to a similar 

degree. Second, as previously described, connectivity increases in the left frontal region 

preceding spikes and remains elevated after spike resolution. Given the frontal trajectory 

of centrotemporal spikes’ tangential dipole, alterations in frontal connectivity are expected, 

but it is surprising that significant differences are only seen in the left frontal region. One 

explanation for this constellation of findings, supported by our exploratory findings, is that 

the right (typically non-dominant) hemisphere is more highly connected than the left at 

baseline, such that it experiences a smaller increase in connectivity with each spike but 

may be more prone to generating spikes. In support of this, some authors (Vannest et al., 

2016) have noted a higher preponderance of children with right-hemispheric spikes, which 

we also find in this clinical population, raising the question of whether baseline connectivity 

contributes to spike lateralization.
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4.4 Limitations

Several limitations warrant discussion. First, as we used clinical EEGs, we did not have 

control over the child’s activity during the recording and thus lack a controlled “resting 

state” EEG as obtained during research recordings. We chose quiet, artifact-free periods, 

but variability in patients’ mental states could limit our ability to detect group differences 

in wakefulness. Second, we limited analysis to the beta frequency band, and thus may be 

missing connectivity changes in other bands. We made this decision a priori, because the 

beta connectivity can be estimated using shorter epochs which is important for investigating 

temporally clustered spikes seen in SeLECTS. A third consideration is that our epoch 

numbers were low, limited by the number of available spikes, which can inflate connectivity 

estimates. To limit the impact of small trial numbers on our inferences, we matched the 

number of spike-free epochs between groups and the number of spike- and spike-free 

epochs within the SeLECTS group. Fourth, several of our analytic choices – including the 

use of stringent but undirected wPLI, the channel space analysis (Song et al., 2019), and 

the focus on bivariate relationships – may be less sensitive or may overlook non-linear 

connectivity patterns. However, even with our constrained methods, we still found robust 

differences in connectivity between groups and with spikes and peri-spike periods that shed 

light on this common epilepsy syndrome. Finally, it is possible that future studies will 

demonstrate that the connectivity differences we describe as well as spikes do not contribute 

to cognitive differences or seizure susceptibility in SeLECTS, but rather that all three are 

secondary to a common etiology. Notably, even in epilepsies with a well-described etiology 

(like specific genetic changes in tuberous sclerosis), clinical outcomes can be variable and 

other biomarkers including EEG-connectivity can be helpful for prognostication of cognitive 

(Dickinson et al., 2019) or seizure (Davis et al., 2019) outcomes.

4.5 Conclusion:

Whether and how interictal spikes alter neurocognition, behavior and mood is poorly 

understood and often not addressed by clinicians. Treatments specifically targeting spikes 

are lacking. We find that SeLECTS patients experience large increases in connectivity not 

only during spikes, but also during peri-spike periods as well as during spike-free segments 

of Stage II sleep. Longitudinal studies could help determine whether spike-related increases 

in connectivity cause the connectivity changes seen during spike-free sleep. Further studies 

are also needed to understand the mechanism and impact of spikes on epilepsy patients’ 

quality of life. Here we demonstrate that clinical EEG identifies meaningful connectivity 

differences in SeLECTS and could thus be an important tool for such longitudinal studies.
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Figure 1: Creating Electroencephalogram Epochs for Analysis
The top panel shows annotation of the spike and definition of the three spike-related (pre-

spike, during spike, post-spike) epochs based on this annotation. The lower panel shows 

identification of awake (left) and asleep (right) baseline, spike-free epochs separated by a 

minimum of 2 seconds from artifacts and from sleep architecture.
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Figure 2: Selection Criteria for Self-Limited Epilepsy with Centrotemporal Spikes (SeLECTS) 
Patients
Children with SeLECTS were identified as above. Charts from 1019 patients evaluated for 

syncope, headache, or altered consciousness were reviewed to identify age- and sex-matched 

controls with electroencephalograms but without a diagnosis of epilepsy or significant 

neurological disorders.
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Figure 3: Spike-Free Baseline Connectivity in Children with Self-Limited Epilepsy with 
Centrotemporal Spikes (SeLECTS) vs. Children without Epilepsy
Average baseline connectivity in spike free epochs of children with and without SeLECTS 

in the (A) waking and (B) sleeping state, averaged by electrode. Box plots represent median, 

interquartile range and 95% distribution of data. C. Forest plot show group differences 

in average connectivity in the waking (circle) and sleep (diamond) states by electrode. 

Significant differences in the sleep state indicated by * (p<0.0026); no differences were 

noted in the awake state. D. Topographic plot showing electrode pairs with significantly 

increased pairwise connectivity in SeLECTS patients vs. controls (p<0.0003) in the sleeping 

state; there were no significant group differences in pairwise connectivity in wakefulness. 

Connectivity was quantified using the weighted Phase Lag Index (wPLI).
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Figure 4: Change in Connectivity from the Spike-Free Baseline during the Pre-Spike, Spike, 
and Post- Spike Epochs in Children with Self-Limited Epilepsy with Centrotemporal Spikes 
(SeLECTS)
A. Median change in average connectivity between the pre-spike, spike, and post-spike 

epochs from the remote, spike-free baseline by electrode. Dotted line indicates no change 

from baseline. Box plots illustrate the median, interquartile range and 95% distribution of 

data. B. Forest plots show electrodes with significant increases in average connectivity from 

baseline during the pre- (circles), spike- (diamonds), and post-spike (triangles) epochs. The 

vertical gray line indicates no change from baseline. Significant increases in connectivity 

indicated by * (p<0.0026); connectivity increases trending toward significance indicated by 

# (p<0.005). No electrodes showed a significant decrease in connectivity from baseline. C. 

Topographic plot showing electrode pairs with a significant increase in pairwise connectivity 

from baseline (p<0.0003) in the pre-spike epoch. D. Heat map illustrating increases in 

connectivity from baseline between all electrode pairs, with brighter boxes indicating 

greater connectivity increases. The diagonal has been left white. No electrode pairs 

experienced a decrease in connectivity compared to baseline. The increase in connectivity 

was significant during the spike epoch for all pairs (p<0.0003) except C3-C4. Changes in 

pairwise connectivity in the post-spike epoch are not depicted as they were not significant. 

Connectivity was quantified using the weighted Phase Lag Index (wPLI).

Goad et al. Page 19

Clin Neurophysiol. Author manuscript; available in PMC 2024 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: Impact of Spike Laterality on Connectivity During the Spike Epoch
A. Median change in average connectivity from baseline of each electrode during left 

vs. right centrotemporal spikes. The dotted line represents no change from baseline. Box 

plots illustrate the median, interquartile range and 95% distribution of data. B. Forest plot 

show whether left or right centrotemporal spike have a greater impact on connectivity. 

The gray vertical line indicates that connectivity is equally affected by left and right 

spikes. Electrodes showing a significantly greater increase in average connectivity from 

baseline with right rather than left spikes are indicated by * (p<0.0026). No electrodes 

showed a significantly greater increase from baseline with left-sided spikes. C. Topographic 

plot showing electrode pairs with a significantly greater increase in pairwise connectivity 

(p<0.0003) after right than left centrotemporal spikes. Solid lines represent connections 

within the right hemisphere; dotted lines represent connections between the right hemisphere 

and vertex; beveled lines represent connections between the right and left hemispheres. No 

electrode or electrode pairs showed a significantly greater increase in connectivity during 

left than right centrotemporal spikes. Connectivity was quantified using the weighted Phase 

Lag Index (wPLI).
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