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Quantitative spatio-temporal 
characterization of epileptic spikes 
using high density EEG: Differences 
between nReM sleep and ReM 
sleep
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in this study, we applied high-density eeG recordings (HD-eeG) to quantitatively characterize the 
fine-grained spatiotemporal distribution of inter-ictal epileptiform discharges (IEDs) across different 
sleep stages. We quantified differences in spatial extent and duration of IEDs at the scalp and cortical 
levels using HD-eeG source-localization, during non-rapid eye movement (nReM) sleep and rapid 
eye movement (REM) sleep, in six medication-refractory focal epilepsy patients during epilepsy 
monitoring unit admission. Statistical analyses were performed at single subject level and group level 
across different sleep stages for duration and distribution of IEDs. Tests were corrected for multiple 
comparisons across all channels and time points. compared to nReM sleep, ieDs during ReM sleep were 
of significantly shorter duration and spatially more restricted. Compared to NREM sleep, IEDs location 
in ReM sleep also showed a higher concordance with electrographic ictal onset zone from scalp eeG 
recording. this study supports the localizing value of ReM ieDs over nReM ieDs and suggests that HD-
eeG may be of clinical utility in epilepsy surgery work-up.

Epilepsy affects over 60 million individuals worldwide and carries significant risks of severe injury and sudden 
death1. The majority of mortality and morbidity occurs in 30–40% of patients with medication refractory epi-
lepsy2. The presence of epileptic spikes has also been correlated with negative cognitive consequences3,4. Epilepsy 
surgery has been shown to be an effective treatment for medication refractory patients, if the epileptogenic zone 
(EZ) can be correctly identified5. The goal of epileptic surgery is also to resect the EZ while preserving functional 
brain areas. Currently, the identification of the ictal onset zone through triggering seizures in the epilepsy mon-
itoring unit remains the gold standard to localize the EZ. However, routine EEG has limited spatial resolution, 
and seizures cannot always be captured. As a result, a focal delineation of the EZ from inter-ictal recordings is 
desirable.

EEG remains the most important clinical technique for epilepsy characterization and presurgical work up6. 
In particular, the study of inter-ictal epileptiform discharges (IEDs) is used to localize a cortical irritative zone, 
which often overlaps with the EZ. Over the last few years, high-density EEG has been increasingly used to local-
ize IEDs. Indeed, traditional 10–20 scalp EEG is unable to localize IEDs or seizure onset zone with sufficient 
resolution for surgery7–11. Invasive EEG (iEEG) could in principle provide more accurate localization for EZ12,13, 
but invasive studies are inherently limited by spatial sampling and cannot cover the whole brain. Their success 
depends on hypotheses developed from non-invasive studies. EEG source imaging (ESI) techniques are alterna-
tive methods that provide more accurate location of the cortical generators of the EEG signals compared to 10–20 
clinical EEG studies, while remaining non-invasive14,15. Accurate source localization using ESI requires the use 
of high-density EEG (HD-EEG), as the accuracy of mapping of the EZ increases monotonically with the num-
ber of electrodes used11,14,16. While HD-EEG studies have been shown to predict surgical outcomes17 and IEDs 
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are known to be most frequent during sleep, little is known about differences in accuracy resulting from source 
reconstruction of IEDs captured during different stages of sleep.

It has been long suspected that sleep stage may have an effect on the spatio-temporal distribution of IEDs18–20. 
Case reports have suggested that IEDs during rapid eye movement (REM) sleep, instead of non-rapid eye move-
ment (NREM) sleep, provide more precise localization regarding EZ21,22. However, group studies using HD-EEG 
are needed to quantify systematic differences and correlate ESI results with other EZ markers. HD-EEG topogra-
phies and source-localization techniques improve spatial resolution and make quantitative comparison between 
IEDs across sleep stages possible, which may have a direct implication for epilepsy surgery work up.

As such, the objective of this study is to characterize and compare IEDs during REM sleep and NREM sleep in 
scalp HD-EEG recordings and after applying ESI in patients with refractory focal epilepsy. We attempt to charac-
terize the duration and spatial involvement of IEDs, both at the scalp level and in source space during REM sleep 
and NREM sleep. All results presented are corrected for multiple comparisons in space and time and described 
both at the group level and at the individual subject level.

Result
patient demographics. Out of the fifteen patients, six had spikes during both REM sleep and NREM 
sleep. Demographics for these six patients, including clinical EEG and imaging results, are displayed in Table 1. 
Number of spikes during REM ranged from 1 to 10 [mean number of spikes + standard deviation (s.d.); 4 + 3] 
and during NREM sleep ranged from 31 to 41 [mean number of spikes + standard deviation (s.d.); 35 + 4] (See 
Supplementary Table S1).

Scalp level analysis. We compared both spike duration and spatial extent (the number of significant time 
points and of scalp electrodes involved) of IEDs during REM sleep compared to NREM sleep. First, to provide a 
comprehensive assessment of the overall activity triggered by IEDs, a period between −100 ms to 500 ms around 
spike negative peak was analyzed. Group-level analysis demonstrated 64% reduction (p = 5 × 10−11) of IED dura-
tion (Fig. 1a) during REM sleep compared to NREM sleep, with individual effect size ranging from 36% to 85%. 
Group-level analysis also demonstrated 32% reduction (p = 2 × 10−5) of IED spatial extent (Fig. 1b) during REM 
sleep compared to NREM sleep, with individual effect size ranging from 12% to 74%. Second, we also quantified 
differences in spatial extent at the spike negative peak. Group analysis at the negative peak demonstrated 53% 
reduction of IED spatial extent (p = 0.01) during REM sleep compared to NREM sleep (Fig. 1c), with individual 
effect size ranging from 23% to 86%. Numeric values of both group level and individual subject analysis were 
included in Supplementary Table S2, and individual subject result was plotted in Supplementary Fig. S1. Figure 2 
displays topographies of scalp areas activated at spike peak during REM sleep and NREM sleep.

Source level analysis. Because source reconstruction analysis is most often used for pre-surgical work 
up in clinical practice, we aimed to replicate our results in source space. To do so, we first applied Minimum 
Norm (MN) imaging23, a commonly used method. Similar to scalp analysis, a period between −100 ms to 500 ms 
was first analyzed to assess overall activity related to IEDs. Group-level analysis demonstrated 37% reduction 
(p = 0.001) of IED duration (Fig. 3a) during REM sleep compared to NREM sleep, with individual effect size 
ranging from 12% to 55%. Group-level analysis also demonstrated 24% reduction (p = 0.001) of IED spatial 
extent (Fig. 3b) during REM sleep compared to NREM sleep, with individual effect size ranging from 11% to 
55%. Group analysis at the negative peak demonstrated 30% reduction (p = 0.005) of IED spatial extent during 
REM sleep compared to NREM sleep (Fig. 3c), with individual effect size ranging from 8% to 75%. In a second 
step, we also wished to confirm our results using coherent Maximum Entropy on the Mean (cMEM)24 because 
this method has been shown to account more precisely for the spatial extent of a cortical source. Similar to results 
obtained with MN, group analysis at the negative peak using cMEM demonstrated 4.3% spatial extent reduction 
(p = 0.04) of IED spatial extent (Fig. 3d) during REM sleep compared to NREM sleep, with individual effect size 
ranging from 0.3% to 13.7%. Group level and individual subject values are included in Supplementary Table S3. 
Individual subject results are plotted in Supplementary Fig. S2.

ID
Age/
gender

Ictal Onset 
Zone Inter-ictals Antiepileptic medications Imaging studies

P01 64/F Left temporal Bi-temporal lobe slowing Levetiracetam, Lacosamide Normal MRI

P02 66/M Left frontal Left frontal and temporal 
spikes Levetiracetam, Zonisomide Normal MRI

P03 64/F Left temporal Left temporal slowing or 
sharps

VNS, carbamazepine, 
Zonisomide

MRI: left MTS; PET: left temporal hypo-
metabolism

P04 34/F Right parietal Bilateral posterior 
quadrant spikes

Lamotrigine, Topiramate, 
Pregabalin

MRI: Bilateral grey matter heterotopia at 
temporal horn.

P05 37/M Left frontal Left temporal spikes Clonazepam, Lacosamide, 
Lamotrigine, Levetiracetam

MRI: right temporal lesion. PET: Hypo-
metabolism of R Temporal lobe

P06 32/F Left frontal Left fronto-central 
epileptiform activities.

Clonazepam Lamotrigine, 
Levetiracetam Normal MRI

Table 1. Characteristics of each subject. MTS: Mesial Temporal Sclerosis; PET: Position Emission 
Tomography; MRI: Magnetic resonance imaging; VNS: Vagus Nerve stimulator; F: female; M: male; EEG: 
Electroencephalogram. *The terms “Ictal onset zone’ and “Inter-ictals” refers to the location of seizure onset 
zone and interictal epileptiform discharges captured on clinical 10–20 EEG during the same EMU admission.
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comparison with clinical ictal onset zone. To further validate the clinical significance of differences 
between REM sleep and NREM sleep, we compared the location of source reconstruction results for IEDs 
obtained in both sleep stages to the patients’ clinical seizure onset zone. A board certified epileptologist (M.B.) 
reviewed EEG recording during the same EMU stay to extract clinical seizure ictal onset zones, given intracranial 
recording is unavailable for any of the patients. Lobar correspondence with IEDs source reconstruction results 
was then qualitatively assessed. Figure 4 shows cortical areas significantly involved at the spike negative peak dur-
ing REM sleep and NREM sleep for each subject. The spatial distribution of IEDs during REM sleep in subjects 

Figure 1. Group level analysis at the scalp level: asterisk is applied for result that reached statistical significance. 
(a) IED duration based on analysis of the whole spiking period, with shorter duration (p = 5 × 10−11) during 
REM sleep. (b) Number of channels involved during IED based on analysis of the whole spiking period, with 
less channels involved (p = 2 × 10−5) during REM sleep. (c) Number of channels involved at the negative peak, 
with less channels involved (p = 0.01) during REM sleep.
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1, 3, 4 and 5 showed consistent localization as the ictal recording during the same EMG stay (4/6 subjects, shown 
with a *), and for IEDs obtained during NREM sleep, only subjects 1, 2 and 3 (3/6 subjects) showed localization 
consistent with the ictal recordings.

Discussion
This report is the first quantitative group study investigating the potential clinical significance of differences in 
HD-EEG patterns of REM sleep versus NREM sleep IEDs, both at the scalp level and in source space. Our results 
suggest that IEDs during REM sleep are shorter in duration, involved a more spatially restricted area, and showed 
a higher concordance with clinical ictal onset zone. These results were consistent both at the group level and at 
the level of individual subjects.

Our quantitative, group-level results are in line with previous case report studies suggesting that IED during 
REM may be restricted to the area of the ictal onset zone18,21,25. StereoEEG studies suggested that during phasic 
REM sleep, IED appear to be more suppressed14. Even though the amount of IED is reduced during REM sleep 
compared to NREM sleep, REM sleep IED may tend to be more lateralized to the side of the ictal onset zone26.

Our study is the first to directly compare IEDs during REM sleep and NREM sleep after HD-EEG ESI, in 
source space. Previous topographic characterization of IEDs during NREM sleep showed propagation of IED out-
side EZ, with a consistent involvement of the medical temporal lobe27. Such result is consistent with the observed 
broader field of NREM sleep IEDs seen in our study. While previous studies have mostly utilized MN for source 
localization (possibly given its robustness against errors in skull conductivity28), more recent work has suggested 
that cMEM provides source imaging that best reflect the true extent of cortical sources, and is most consistent 
with EZ29. Both MN and cMEM methods showed consistent results in our study, providing evidence that IED 
during REM sleep were more localized.

The observation reported in our study could be explained by the change of discharge synchronicity during 
different sleep stages. As demonstrated in previous research, agents that synchronize electric discharges results in 
increased seizure activities30. Conversely, agents that desynchronize electric discharges results in restricted prop-
agation of EEG discharges31,32. During NREM sleep, cells discharge synchronously, which augment the spatial 
propagation of post-synaptic responses33. As a result, these changes result in increased cortico-cortical evoked 
potential (CCEP) and similarly, more widespread IEDs beyond the EZ22,34. In contrast, neurons discharge asyn-
chronously during REM sleep35, resulting in cortical desynchronization, which may restrict the propagation of 
IEDs21,25,36,37. Similar observation is also supported in high frequency oscillation (HFO) studies, which suggests 
that a larger field is observed during NREM sleep and a more restricted field is observed during REM sleep38.

Unfortunately, none of the 6 patients described here has had invasive monitoring to identify the ictal onset 
zone. We thus had to define seizure onset zone localization from ictal scalp EEG recordings. The limitation of this 
approach is that sometimes, scalp EEG cannot show the ictal onset zone due to deep-seated epileptogenic zone. 

Figure 2. Graphic interpretation of IED scalp level analysis at negative peak. Each subject number is labeled 
on top of the corresponding figure. For each subject, the left and right lateral view of scalp level activation was 
demonstrated. The top row represents IED involvement during REM sleep, and the bottom row represents IED 
involvement during NREM sleep. RL = right lateral; LL = left lateral.
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For example, patient 6’s seizures consisted of a whole body feeling of warmth, which could fit with an insular 
semiology. Although imaging was non-lesional and patient had not undergone invasive monitoring to confirm 
localization, insular epilepsy remains a strong possibility. This hypothesis could be tested in the future, should the 
patient opt for phase II EEG monitoring with intracranial EEG. Additionally in patient 2, REM spikes showed left 
temporal source, but NREM spikes showed left frontal source. This latter finding be in line with a late ictal spread 
in the scalp EEG ictal towards the left frontal cortex, while the ictal onset zone might be the left temporal, deep 
seated, which is at times difficult to detect the ictal onset in the scalp EEG, but which REM sleep spike analysis 
may help to identify. In patient 5, the NREM sleep spike elicited primary activation in the right frontal area with 
spread to the right temporal lobe. Data area also not consistent with the primary seizure onset zone of the right 
temporal region as was demonstrated by the REM spike localization. Altogether, these findings suggest that the 
interpretation of REM sleep versus NREM sleep spike source discrepancies may help to provide useful comple-
mentary information when compared to the results coming from ictal clinical EEG recordings. Another limita-
tion of present study is the utilization of templated MRI instead of individualized head models. While the use of a 
template head model decreases the precision of peak localization from 1 to 2 cm, it was applied similarly in every 
state and may not account for the observed within-subject differences in extent and duration of IEDs in REM 
sleep compared to NREM sleep. In addition, the present study is limited by the small number of patients that pre-
sented epileptic spikes during both REM sleep and NREM sleep (6/15). Although we employed non-parametric 
statistics to increase the generalizability of our findings, future studies should study a larger population of patients 
with focal epilepsy and validate the clinical utility of these findings through a comparison with surgical outcome. 
Indeed, the irritative zone identified from IEDs captured during REM sleep and NREM sleep should be compared 

Figure 3. Source localization analysis of IED at different sleep stage: asterisk is applied for result that reached 
statistical significance. (a) IED duration based on source level analysis of the whole spiking period using MN 
estimate, with shorter duration (p = 0.001) during REM sleep. (b) Number of vertices on the cortex involved 
during IED based on source level analysis of the whole spiking period using MN Estimate, with less channels 
involved (P = 0.001) during REM sleep. (c) Number of vertices on the cortex involved at negative peak based on 
source level analysis using MN Estimate, with less channels involved (p = 0.005) during REM sleep. (d) Number 
of vertices on the cortex involved at negative peak based on source level analysis using cMEM Estimate, with 
less channels involved (p = 0.04) during REM sleep.
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to both the results of invasive monitoring studies as well as to surgical outcomes, because only the latter provides 
an ultimate validation for the success of localization of the EZ.

Methods
Subjects. Fifteen drug-refractory focal epilepsy patients [mean age + standard deviation (SD); 43 + 14, nine 
females], with focal seizures captured using 10–20 clinical EEG recording that included REM, NREM and awake 
sleep, were recruited from the epilepsy monitoring unit (EMU) of the University of Wisconsin. The ictal onset 
zones, which were defined by the ictal recording during the same EMU admission, were localized to either left 
temporal (n = 4), left frontal (n = 4), right temporal (n = 2), bilateral temporal (n = 2), bilateral frontal (n = 1), 
bilateral posterior quadrant (n = 1), and right frontal (n = 1) regions on routine scalp EEG. All subjects provided 
written informed consent before participating in the study. The Institutional Review Board of the University of 
Wisconsin approved all study procedures. All researches were performed in accordance with relevant guidelines 
and regulations. Only six subjects who had spikes during both NREM and REM sleep were included in further 
analysis.

High density eeG acquisition and preprocessing. 256-channel dense array electrodes EEG net (EGI, 
Electrical Geodesics Inc.) was applied with electrode impedances set below 50 kΩ. It was then applied in between 
international 10–20 electrode placement with utmost care to avoid bridging. Supplementary Fig. S3 displays a 
comparison between clinical 10–20 and high-density EEG montages. Twenty-eight to forty-eight hours record-
ings were performed in patients during the last one to two days of their EMU stays. The cleanest night data was 
selected for further analysis. Medication was restarted prior to high-density EEG recording. Subjects 1, 2, 3 and 
4 were not sleep-deprived. Subject 5 was sleep-deprived the night preceding high-density EEG recording, while 
subject 6 was sleep-deprived 2 days before recording followed by one recovery night. EEG preprocessing was 
performed similar to previous work39–42. Sleep stages were scored based on the guidelines from AASM scoring 
manual. Supplemental Table S4 displayed the sleep information for each patient. Epochs of steady stage N2-3 
NREM and REM sleep were extracted, filtered through 1–40 Hz filter and down-sampled from 500 Hz to 200 Hz. 
Semi-automated artifact selection and rejection were performed in order to obtain clean epochs and channel 
data40. Independent component analysis was applied to remove clear sources of physiological noise such as eye 
movements42 in EEGLAB43. Board-Certified Epileptologists (R.M. and A.S.) visually detected IEDs during NREM 
and REM sleep and marked the individual spike locations.

Scalp-level eeG analysis. EEG was average-referenced using EEGLAB. Epochs containing 1000 ms before 
and 1000 ms after each spike peak were extracted from the high-density EEG recordings and included in the anal-
ysis. Paired 2 tailed t-test was performed between samples from the spiking periods (100 ms before to 500 ms after 
spike peaks) and baseline (1000 ms before to 300 ms before spike peaks), and alpha level was set at 0.05, corrected 
for multiple comparison across 256 channels and all time points using Brainstorm44. We quantified the duration 
and number of channels activated during the spiking periods, as well as the number of channels activated at the 

Figure 4. Graphic interpretation of IED source level analysis using cMEM at negative peak. Each subject 
number is labeled on top of the corresponding figure. For each subject, the left and right lateral view of the 
cortical reconstruction was demonstrated. The top row represents IED involvement during REM sleep, and the 
bottom row represents IED involvement during NREM sleep. Asterisk indicates IED with consistent localization 
as ictal recording obtained using 10–20 system during the same EMU stay. RL = right lateral; LL = left lateral.
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time of the spike peak, for each spike first. Both spike duration and spatial extent were then averaged across all 
spikes for each subject during NREM sleep and REM sleep.

To detect group differences between NREM and REM sleep, linear mixed effects model was obtained by using 
sleep stage as a fixed effect and subject as a random effect. Testing for the significance of models, including spike 
duration, number of channels involved during each spiking period, and at the negative peak, was done with a 
likelihood ratio test with comparison to a null model using the Perm Package in R45. An additional permutation 
t-test was performed in each individual patient to assess the reproducibility of intra-subject differences, for spike 
duration, number of channels involved during spiking period, and at time of spike peak.

Source space analysis. A template MRI brain provided by Brainstorm software was used for all patients. 
The forward head model was created by applying 256 leads placement pre-defined in Brainstorm software 
through the 3-shell sphere option. The source space was constrained to the cortex, which was down-sampled to 
15000 vertices.

Source estimation was first achieved through MN imaging. Noise covariance was obtained from the baseline 
recording (1000 ms before to 300 ms before spike peaks) for each epoch and DC offset was removed. Paired 2 
tailed t-test was performed between the current density estimates within the spiking periods and baseline, and 
alpha level was set at 0.05, corrected for multiple comparison across 256 channels and all time points. The num-
ber of vertices involved and duration of the whole spiking period, and numbers of vertices involved at time of 
negative peak, were obtained for each spike first then averaged across all spikes for each subject during NREM 
and REM sleep.

Confirmatory analysis using source localization at time of negative peak was also achieved through cMEM. 
Noise covariance was obtained by applying baseline recording for each epoch and DC offset was removed. Paired 
2 tailed t-test was performed between the current density within the spiking periods and baseline, and alpha level 
was set at 0.01, corrected for multiple comparison across 256 channels and across all time. Number of vertices 
activated at the time of spike peak was obtained for each spike, and averaged for each subject during NREM and 
REM sleep.

Similar statistical analysis was performed as described under the scalp level analysis. For source localization 
utilizing cMEM and MN, linear mixed effects model was obtained, and a likelihood ratio test was constructed to 
compare duration and number of vertices involved during each spiking period and at the negative peak, during 
REM vs. NREM. Permutation t-tests were performed in each individual patient to assess the reproducibility of 
intra-subject differences.

Graphic interpretation of the IED spatiotemporal distributions were obtained using brainstorm software at 
both scalp and source level. Spatiotemporal distribution of IEDs were compared with the seizure onset zone, 
which were obtained using 10–20 clinical EEG recording during the same EMU admission, given iEEG was not 
available in our subjects.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.

Received: 23 October 2019; Accepted: 17 January 2020;
Published: xx xx xxxx

References
 1. Nevalainen, O. et al. Epilepsy-related clinical characteristics and mortality: a systematic review and meta-analysis. Neurology. 83, 

1968–77 (2014).
 2. Kwan, P. & Sander, J. W. The natural history of epilepsy: an epidemiological view. J. Neurol. Neurosurg Psychiatry. 75, 1376–81 (2004).
 3. Boly, M. et al. Altered sleep homeostasis correlates with cognitive impairment in patients with focal epilepsy. Brain. 140, 1026–1040 

(2002).
 4. Van Schalkwijk, F. J. et al. The impact of sleep characteristics and epilepsy variables on memory performance in patients with focal 

seizures. Epilepsy Behav. 87, 152–158 (2018).
 5. De Tisi, J. et al. The long-term outcome of adult epilepsy surgery, patterns of seizure remission, and relapse: a cohort study. Lancet. 

378, 1388–1395 (2011).
 6. Smith, S. EEG in the diagnosis, classification, and management of patients with epilepsy. J. Neurol Neurosurg psychiatry. 76, ii2–ii7 

(2005).
 7. Lieb, J. P. et al. Quantitative analysis of depth spiking in relation to seizure foci in patients with temporal lobe epilepsy. 

Electroencephalogr Clin. Neurophysiol. 44, 641–663 (1978).
 8. Wieser, H. G. et al. Comparative value of spontaneous and chemically and electrically induced seizure in establishing the 

lateralization of temporal lobe seizures. Epilepsia. 20, 47–59 (1979).
 9. Bautista, R. E., Spencer, D. D. & Spencer, S. S. EEG findings in frontal lobe epilepsies. Neurology. 50, 1765–1771 (1998).
 10. Catarino, C. B., Vollmar, C. & Noachtar, S. Paradoxical lateralization of non-invasive electroencephalographic ictal patterns in extra-

temporal epilepsies. Epilepsy Res. 99, 147–155 (2012).
 11. Staljanssens, W. et al. EEG source connectivity to localize the seizure onset zone in patients with drug resistant epilepsy. NeuroImage 

Clin. 16, 689–698 (2017).
 12. Engel, J. Jr. et al. Correlation of criteria used for localizing epileptic foci in patient considered for surgical therapy of epilepsy. Ann. 

Neurol. 9, 215–224 (1981).
 13. Gnatkovsky, V. et al. Two main focal seizure patterns revealed by intracerebral electroencephalographic biomarker analysis. 

Epilepsia. 60, 96–106 (2019).
 14. Brodbeck, V. et al. Suppression of interictal spikes during phasic rapid eye movement sleep: a quantitative stereo-

electroencephalography study. J. Sleep. Res. 26, 606–613 (2017).
 15. Wennberg, R. & Cheyne, D. EEG source imaging of anterior temporal lobe spikes: validity and reliability. Clin. Neurophysiol. 125, 

886–902 (2014).
 16. Feyissa, A. M. et al. High density scalp EEG in frontal lobe epilepsy. Epilepsy. Res. 129, 157–161 (2017).

https://doi.org/10.1038/s41598-020-58612-4


8Scientific RepoRtS |         (2020) 10:1673  | https://doi.org/10.1038/s41598-020-58612-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 17. Feng, R. et al. Accurate source imaging based on high resolution scalp electroencephalography and individualized finite difference 
head models in epilepsy pre-surgical workup. Seizure. 59, 126–131 (2018).

 18. Gibbs, E. L. & Gibbs, F. A. Diagnostic and localizing value of electroencephalographic studies in sleep. J. Nerv. Ment. Dis. 26, 
366–376 (1947).

 19. Janz, D. Epilepsy and the sleeping-waking cycle in The Epilepsies: Handbook of Clinical Neurology (eds. Vinken, P. J. and Bruyn, G. 
W.) 457–490 (North-Holland Publishing Company, 1974).

 20. D’Alessandro, R. et al. Risk of seizures while awake in pure sleep epilepsies: a prospective study. Neurology. 62, 254–257 (2004).
 21. Sammaritano, M., Gigli, G. L. & Gotman, J. Interictal spiking during wakefulness and sleep and the localization of foci in temporal 

lobe epilepsy. Neurology. 41, 290–297 (1991).
 22. Usami, K. et al. Sleep modulates cortical connectivity and excitability in humans: Direct evidence from neural activity induced by 

single pulse electrical stimulation. Hum. Brain. Mapp. 36, 4714–4729 (2015).
 23. Hämäläinen, M. S. & Ilmoniemi, R. J. Interpreting magnetic fields of the brain: minimum-norm estimates. Med. Biol. Eng. Comput. 

32, 35–42 (1994).
 24. Chowdhury, R. A. et al. MEG source localization of spatially extended generators of epileptic activity: comparing entropic and 

hierarchical bayesian approaches. PLoS One, https://doi.org/10.1371/journal.pone.0055969 (2013).
 25. Montplaisir, J. et al. Nocturnal sleep recording in partial epilepsy: a study with depth electrodes. J. Clin. Neurophysiol. 4, 383–388 

(1987).
 26. Okanari, K. et al. Rapid eye movement sleep reveals epileptogenic spikes for respective surgery in children with generalized interictal 

discharges. Epilepsia. 56, 1445–1453 (2015).
 27. Lambert, I. et al. Brain regions and epileptogenicity influence epileptic interictal spike production and propagation during NREM 

sleep in comparison with wakefulness. Epilepsia. 59, 235–243 (2018).
 28. Stenroos, M. & Hauk, O. Minimum-norm cortical source estimation in layered head models is robust against skull conductivity 

error. Neuroimage. 81, 265–272 (2013).
 29. Heers, M. et al. Localization accuracy of distributed inverse solutions for electric magnetic source imaging of interictal epileptic 

discharges in Patients with Focal Epilepsy. Brain. Topogr. 29, 162–181 (2016).
 30. Guberman, A. & Gloor, P. Cholinergic drug studies of penicillin epilepsy in the cat. Brain. Res. 78, 203–222 (1974).
 31. Recktor, L. et al. Physostigmine antagonizes benzodiazepine-induced myoclonus in the baboon, Papio. Neurosi. Lett 52, 91–96 

(1984).
 32. Coenen, A. M., Stephens, D. N. & Van Luijtelaar, E. L. Effects of the beta-carboline abecarnil on epileptic activity, EEG, sleep and 

behavior of the rats. Pharmacol. Biochem. Behav. 42, 401–405 (1992).
 33. Steriade, M., McCormick, D. A. & Sejnowski, T. J. Thalamocortical oscillations in the sleeping and aroused brain. Science. 262, 

679–685 (1993).
 34. Shouse, M. N., Farber, P. R. & Staba, R. J. Physiological basis: how NREM sleep components can promote and REM sleep 

components can suppress seizure discharge propagation. Clin. Neurophysiol. 111, S9–S18 (2000).
 35. Siegel, J. M. Mechanism generating REM sleep in Principles and Practice of Sleep Medicine (eds. Kryger, M. H., Roth, T., Dement, W. 

C.) 125–144 (Saunders, 1994).
 36. Malow, B. A., Bowes, R. J. & Lin, X. Predictors of sleepiness in epilepsy patients. Sleep. 20, 1105–1110 (1997).
 37. Ferrillo, F., Beelke, M. & Nobili, L. Sleep EEG synchronization mechanism and activation of interictal epileptic spikes. Clin. 

Neurophysiol. 111, S65–73 (2000).
 38. Ellenrieder, N. V. et al. Physiological and pathological high-frequency oscillations have distinct sleep-homeostatic properties. 

Neuroimage. Clin. 14, 566–573 (2017).
 39. Bolsterli, B. K. et al. Impaired slow wave sleep downscaling in encephalopathy with status epilepticus during sleep (ESES). Clin. 

Neurophysiol. 122, 179–87 (2011).
 40. Riedner, B. A. et al. Sleep homeostasis and cortical synchronization: III. A high-density EEG study of sleep slow waves in humans. 

Sleep. 20, 1643–57 (2007).
 41. Murphy, M. et al. Propofol anesthesia and sleep: a high-density EEG study. Sleep. 34, 283–291 (2001).
 42. Jones, S. G. et al. Regional reductions in sleep electroencephalography power in obstructive sleep apnea: a high-density EEG study. 

Sleep. 37, 399–407 (2014).
 43. Delorme, A. & Makeig, S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent 

component analysis. J. Neurosci. Methods. 134, 9–21 (2004).
 44. Tadel, F. et al. Brainstorm: a user-friendly application for MEG/EEG analysis. Comput. Intell. Neurosci., https://doi.

org/10.1155/2011/879716 (2011)
 45. Fay, M. P. & Shawn, P. A. Exact and asymptotic weighted logrank tests for interval censored data: the interval R package. J. Stat. 

Softw., https://doi.org/10.18637/jss.v036.i02 (2010).

Acknowledgements
This study is supported by NIH grand NIH 1R03NS096379.

Author contributions
Graham Findlay and Benjamin Jones conducted HDEEG data acquisitions. Xuan Kang, Melanie Boly and Aaron 
Struck analyzed the data and wrote the main manuscript text. All authors critically reviewed and commented the 
manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58612-4.
Correspondence and requests for materials should be addressed to A.F.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-58612-4
https://doi.org/10.1371/journal.pone.0055969
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.18637/jss.v036.i02
https://doi.org/10.1038/s41598-020-58612-4
http://www.nature.com/reprints


9Scientific RepoRtS |         (2020) 10:1673  | https://doi.org/10.1038/s41598-020-58612-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58612-4
http://creativecommons.org/licenses/by/4.0/

	Quantitative spatio-temporal characterization of epileptic spikes using high density EEG: Differences between NREM sleep an ...
	Result
	Patient demographics. 
	Scalp level analysis. 
	Source level analysis. 
	Comparison with clinical ictal onset zone. 

	Discussion
	Methods
	Subjects. 
	High density EEG acquisition and preprocessing. 
	Scalp-level EEG analysis. 
	Source space analysis. 

	Acknowledgements
	Figure 1 Group level analysis at the scalp level: asterisk is applied for result that reached statistical significance.
	Figure 2 Graphic interpretation of IED scalp level analysis at negative peak.
	Figure 3 Source localization analysis of IED at different sleep stage: asterisk is applied for result that reached statistical significance.
	Figure 4 Graphic interpretation of IED source level analysis using cMEM at negative peak.
	Table 1 Characteristics of each subject.




