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Slowing less than 1 Hz is decreased 
near the seizure onset zone
Brian Nils Lundstrom  1, Melanie Boly2, Robert Duckrow3, Hitten P. Zaveri3 & Hal Blumenfeld3

Focal slowing (<4 Hz) of brain waves is often associated with focal cerebral dysfunction and is assumed 
to be increased closest to the location of dysfunction. Prior work suggests that slowing may be 
comprised of at least two distinct neural mechanisms: slow oscillation activity (<1 Hz) may reflect 
primarily inhibitory cortical mechanisms while power in the delta frequency (1–4 Hz) may correlate 
with local synaptic strength. In focal epilepsy patients, we examined slow wave activity near and 
far from the seizure onset zone (SOZ) during wake, sleep, and postictal states using intracranial 
electroencephalography. We found that slow oscillation (0.3–1 Hz) activity was decreased near the SOZ, 
while delta activity (2–4 Hz) activity was increased. This finding was most prominent during sleep, and 
accompanied by a loss of long-range intra-hemispheric synchrony. In contrast to sleep, postictal slowing 
was characterized by a broadband increase of spectral power, and showed a reduced modulatory effect 
of slow oscillations on higher frequencies. These results suggest slow oscillation focal slowing is reduced 
near the seizure onset zone, perhaps reflecting reduced inhibitory activity. Dissociation between slow 
oscillation and delta slowing could help localize the seizure onset zone from interictal intracranial 
recordings.

Oscillatory brain waves recorded by electroencephalography (EEG) have been categorized into frequency bands 
spanning 1–50 Hz. More recently, it has been appreciated that broadband EEG (~0.01–500 Hz) contains richer 
cortical information1, with high-frequency oscillations receiving the most attention as markers of cognitive func-
tion and pathological tissue2. However, slow oscillations (<1 Hz) have been shown to modulate cortical excitabil-
ity3 and during the pre-ictal period can localize the seizure onset zone4. Despite evidence linking slow oscillations 
to the regulation of neuronal excitability, slow frequency changes related to epileptic cortex remain less well 
studied.

The power spectral density quantifies the contribution of each frequency band to a signal, and for EEG sig-
nals lower frequency bands contribute much more power than higher frequencies5. Diffusely increased slow 
wave activity (SWA), approximately 0.1–4 Hz, is a hallmark of sleep6, while focal or global SWA changes can also 
be a sign of cerebral dysfunction7. The mechanisms underlying physiologic and pathophysiologic SWA remain 
unclear. Activity less than approximately 1 Hz may represent activated and quiescent neuronal states8 and func-
tion as the default activity of cortical circuits9. Increased power in frequency bands less than 1 Hz may reflect 
intrinsic neuronal mechanisms that dampen excitability10–12. On the other hand, activity that includes delta fre-
quencies (1–4 Hz) during sleep is correlated with local synaptic strength and is regulated both globally, consti-
tuting a marker of sleep need, and locally13–15. Relative to slow oscillations, activity that includes delta power may 
be influenced to a greater extent by thalamic circuits16,17. Due to these potential differences in underlying mecha-
nisms, we examine SWA with frequencies <1 Hz and SWA limited to higher frequencies in the delta power range.

Distinguishing physiologic from pathologic SWA remains difficult. In patients with seizures, delta activity 
in frontal and parietal areas is increased during seizures that impair awareness18. The spatial distribution of 
SWA during sleep and postictal states is generally considered diffuse, symmetric, and frontally predominant19, 
although iEEG data suggests a more heterogenous distribution20. Recent work in focal epilepsy suggests the loca-
tion of SWA is related to the seizure onset zone (SOZ)14. During non-REM sleep, delta activity was increased 
for patients with focal epilepsy compared to controls both diffusely as well as locally with a maximal increase at 
the SOZ14. One difficulty in differentiating pathological from physiological slowing is that the much prior work 
comes from scalp EEG, which has a spatial resolution of about 10 cm2 of cortex21. Although iEEG offers the ben-
efit of increased spatial resolution, usually coverage is predominantly or exclusively over one brain region, and, 
for example, the ability to compare the ipsilateral hemisphere to the contralateral hemisphere is absent. For the 
present analysis we selected a rare dataset of patients with extensive bilateral subdural EEG recordings.

1Mayo Clinic, Rochester, MN, USA. 2University of Wisconsin, Madison, WI, USA. 3Yale University, New Haven, CT, USA. 
Correspondence and requests for materials should be addressed to B.N.L. (email: Lundstrom.brian@mayo.edu)

Received: 6 November 2018

Accepted: 27 March 2019

Published: xx xx xxxx

OPEN

https://doi.org/10.1038/s41598-019-42347-y
http://orcid.org/0000-0002-5310-5549
mailto:Lundstrom.brian@mayo.edu


2Scientific RepoRts |          (2019) 9:6218  | https://doi.org/10.1038/s41598-019-42347-y

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

Despite evidence suggesting distinct physiologic mechanisms underlying activity <1 Hz from faster SWA, it 
remains unclear whether these differences are evident at the macroscopic level relevant for clinical EEG. Given 
data supporting mechanistic differences in slow oscillation activity (<1 Hz)6,8,10,16,22 and activity that includes 
delta frequencies16,17, we hypothesized that these two power bands would differ with distance from the SOZ and 
between postictal slowing compared to sleep.

Changes in low frequency power are expected to alter spatial correlations21 and coupling with higher fre-
quency activity23. There appears to be increased synchrony near the SOZ24,25 with overall decreased spatial syn-
chrony for subjects with epilepsy compared to normal subjects26. Increased phase amplitude coupling between 
low frequencies (<4 Hz) and faster frequencies has been associated with increased cognitive performance in 
normal subjects27 and can be increased interictally near the SOZ26,28, suggesting cross-frequency coupling may be 
increased when cortical excitability is increased.

Here, we examine how interictal slow oscillation and delta activity is spatially distributed relative to the SOZ. 
We take advantage of a cohort of patients that had extensive subdural electrode coverage over both hemispheres, 
data becoming rarer with the increasing use of stereotactic depth electrode techniques29, and which allows us 
to sample an extensive region of cortex from ipsilateral and contralateral hemispheres. We also compare sleep 
and postictal states. We focus on postictal slowing immediately following focal seizure activity that did not lead 
to bilateral convulsive seizures, with the intent of comparing transient and prolonged slowing of focal origin, 
which is clinically often indistinguishable. Finally, we examine spatial correlations and cross frequency coupling 
relative to both the SOZ and behavioral state.

Methods
Patient data. This retrospective analysis with consent waiver was approved by the Institutional Review Board 
of Yale University. Data from patients undergoing intracranial EEG evaluation at Yale University from January 
2014 to August 2017 were examined. Eight patients met the following inclusion criteria: (1) extensive bilateral 
subdural electrode coverage defined as at least 30 contacts per hemisphere, (2) no widespread abnormalities on 
MRI, and (3) well-defined seizure onset zones (SOZs). These criteria were chosen to ensure broad bilateral corti-
cal coverage and to exclude cortex with any known widespread abnormalities that could affect slow wave activity. 
SOZs were determined at a multi-disciplinary epilepsy conference and were present in the left frontal (n = 3), 
right frontal (n = 1), left temporal (n = 1), right temporal (n = 4), and right parietal/occipital (n = 1) lobes. One 
patient had two right-sided SOZs in the temporal as well as parietal/occipital regions. Another patient likely had 
bilateral mesial temporal seizures, although seizure activity was arguably more prominent from the left side. For 
this patient, no definite interictal or ictal epileptiform activity was recorded from right-sided subdural contacts, 
and all seizure activity considered for this study (as detailed below) was left-sided. Thus, for this patient the left 
and right hemispheres were considered to be ipsilateral and contralateral to the SOZ, respectively. Patient data 
are summarized in Table 1.

Intracranial EEG data. Natus Neurolink IP 256 channel EEG amplifier (0.16 Hz high pass filter, 1024 Hz 
sampling frequency) was used to record intracranial EEG (iEEG) data from eight patients with 196, 172, 203, 
201, 199, 213, 154, and 223 subdural contacts. 2, 4, 5, 4, 29, 12, 1, and 4 contacts for these patients were clini-
cally determined to include the SOZ, respectively. To analyze contacts near the SOZ we used all contacts within 
two cm of these clinically determined SOZ contacts, which gave 7, 22, 11, 12, 66, 31, 11, and 16 contacts for the 
eight patients, respectively. Note that 97 (55%) contacts come from two of the eight patients. 1061 contacts were 
ipsilateral to the SOZ and 500 contralateral. Five patients had at least three focal seizures that did not progress to 
generalized convulsive activity. For these patients, 15-minute EEG epochs were taken during the awake, sleep, 
and postictal states following each of the first 3 recorded non-generalized seizures, for a total of nine epochs per 
patient. Awake and sleep epochs were visually inspected and chosen to avoid artifacts. Epochs for awake and sleep 
states were taken at least two hours following the seizure, while postictal state epochs were commenced immedi-
ately following the clinical determination of seizure offset. Sleep epochs were taken from approximately 11 pm to 
3 am when there was widespread high amplitude (greater than 100 microvolts) slow wave activity over the frontal 
lobe intracranial contacts. Scalp electrode data were not sufficient for sleep scoring, and video was not availa-
ble. Thus, for each patient we measured the ratio of delta (1–4 Hz) to beta (13–25 Hz) power, which is a widely 
accepted signature of non-REM sleep activity30, and found that this ratio was increased for all patients (Fig. 1c). 
If two seizures occurred during the day, then two sleep epochs were taken from the subsequent night. Awake 
epochs were taken during daytime hours when slow wave activity was clearly not present. Despite this, since video 
was not available, drowsiness or light sleep may have been present during awake states. For the remaining three 
patients who did not have at least three focal seizures without generalized convulsions, three epochs of awake and 
sleep activity, for a total of 6 epochs per patient, were recorded from the 24-hour period prior to their first seizure.

Data processing and power spectrum analyses. Data were low pass filtered with an 8th order 
Chebyshev Type I filter (cutoff frequency 102.4 Hz) prior to downsampling to 256 Hz for data manipulation. 
Post-implantation imaging was coregistered to the standard MNI space using BioImage Suite. Locations were 
determined for each contact and manually segmented into six regions: frontal, temporal and parietal/occipital 
regions for each side. Contacts involved in seizure onset were determined from clinical reports. Data for each 
contact were filtered with zero-phase high and low pass fourth-order butterworth filters with cutoff frequencies 
of 0.1 and 100 Hz, respectively. Frequencies between 0.3 Hz and 50 Hz were considered following computation of 
the power spectral density by Welch’s method. Spectra were normalized by mean total power from 0.3 to 50 Hz 
to avoid undue influence specific to experimental conditions of the contact (e.g. impedance differences, CSF 
shunting). Power spectra for each contact were calculated and normalized. These estimates were averaged across 
contacts for three groups: (1) contacts that were ipsilateral to the SOZ and within 2 cm of clinically defined SOZ 
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contacts, (2) contacts that were ipsilateral and more than 2 cm away, and (3) contacts that were contralateral to the 
SOZ. Power spectra from each contact and epoch across patients were averaged according to these three groups, 
except as otherwise noted.

Power bands were chosen according to typical clinical definitions7 and prior work26 to include slow oscillation 
(0.3–1 Hz), delta (2–4 Hz), theta and alpha (4–13 Hz), and high beta and gamma (20–50 Hz) frequencies. When 
comparing slow oscillation and delta powers, we limited delta power to 2–4 Hz given the arbitrary nature of fre-
quency band definitions and evidence of 1–2 Hz as a transition zone.

Correlations between contacts and cross-frequency coupling. Correlations can be assessed spatially 
between contacts and between frequency bands within a single contact, also known as cross-frequency coupling. 
For spatial correlations, the Euclidean distance was calculated between all contacts. To assess the strength of the 
linear relation relationship between contacts, a single Pearson correlation coefficient without any time lag was 
calculated for each contact pair for all contact combinations. The Fisher z-transformation was used to stabilize 
the variances of the Pearson coefficients prior to averaging.

Data from the 15-minute epochs for Awake, Sleep, and Postictal states were bandpass filtered with 
fourth-order Butterworth filters, and the correlation coefficients calculated.

To assess correlations between frequency bands, i.e. cross-frequency coupling, we used the Synchronization 
Index (SI)31 to measure the synchrony between the phase of a slower frequency band (0.3–1 Hz) and the power 
envelope of a higher frequency band (20–50 Hz). Phases θL and θH were obtained for the slow frequency band 
(0.3–1 Hz) and for the envelope of higher frequency activity, respectively. To find the phase θL, data were bandpass 
filtered between 0.3–1 Hz. We used the Hilbert transform to obtain the discrete-time analytic signal. The instan-
taneous phase of the dominant frequency within the passband of the signal was determined from the analytic 
signal. To find the phase θH, data were bandpass filtered, and the time-varying envelope of the signal power was 
obtained as the squared magnitude of the discrete-time analytic signal. The instantaneous phase θH is then found 
as the phase of the Hilbert transform as above. SI is defined to be e N/i( )L H∑ θ θ− , where N is number of time points 
and θ is the instantaneous phase. The magnitude of SI reflects the extent to which θL and θH are synchronized. It is 
calculated for each contact, is equivalent to one minus the circular variance of the phase difference θL − θH

32, and 
is a measure of the concentration of the phase differences. As |SI| increases, the dispersion and circular variance 
of the phase difference decreases. The phase of SI reflects the “preferred synchronization phase”, the phase of θL for 
which coupling is maximal. A circular average is used to find the mean phase.

Statistical analysis. 95% confidence intervals (bias corrected and accelerated) were obtained by bootstrap-
ping (1,000 to 10,000 iterations), which is a widely accepted statistical resampling technique that relies on random 
sampling with replacement of the distribution in question to provide a non-parametric and robust confidence 
interval estimate33. To obtain confidence intervals, the variance for distribution N with n values is estimated by 
creating k bootstrapped distributions from distribution N. Each of the k distributions is created by randomly 
drawing n samples from distribution N with replacement. Thus, more frequent values in distribution N have a 
greater representation in the k bootstrapped distributions, allowing for a non-parametric estimate of variance 
to be calculated using accepted formulas, such as via the “bootci” function in Matlab (Mathworks, 2013). To 
minimize false positive results due to multiple comparisons, we limited our analyses to those motivated by initial 
hypotheses and evaluated pooled data prior to individual data. Correction for multiple comparisons was not per-
formed for non-pooled data. Non-overlapping error bars indicate that the population means may be considered 

Gender/Hand Age/Onset Age SOZ MRI PET Outcome Comments

M/R 30/17 L > R mesial 
temporal lobe Non-lesional Normal Offered bitemporal RNS but 

declined; lost to follow-up
R-sided epileptiform activity 
recorded in depth but not subdural 
contacts

M/Amb 21/5 L orbitofrontal region L inferior frontal FCD L dorsolateral frontal 
hypometabolism

Resection with RNS; Engel 4a 
at 2 year follow-up Pathology reactive astrocytosis

M/R 23/10 L orbitofrontal L frontal DVA; L HC with 
poor internal architecture

Mild L inferior frontal 
hypometabolism RNS, Engel 4 at 1 year

F/R 48/17 R amygdala L > R amygdala: 
increased fullness

R > L bilateral MTL 
hypometabolism R AMTL, Engle 1B at 2 years Pathology mild reactive astrocytosis

F/R 31/8 R anterior temporal 
and R occipital lobes R occipital dysplasia R temporal 

hypometabolism
Resection R occipital/
temporal region with HC 
resection, Engel 1d at 1.5 years

Pathology with occipital 2b 
dysplasia, HC wnl

M/R 34/12 L posterior superior 
frontal gyrus Non-lesional Mild R temporal 

hypometabolism
No surgery, seizures twice 
monthly Complications related to infection

F/R 31/9 R anterior temporal 
lobe Non-lesional R temporal 

hypometabolism R AMTL, Engel 4 at 2 years Pathology reactive gliosis

M/R 44/26 R superior mesial 
frontal region

Bilat anterior 
cingulotomies

Bilat medial frontal 
hypometabolism

Resection R superior/mesial 
frontal region, Engel 3a at 
2.5 years

Bilat anterior cingulotomy 22 years 
prior for OCD; pathology reactive 
gliosis

Table 1. Abbreviations: amb = ambidextrous, AMTL = anteromesial temporal lobectomy, bilat = bilateral, 
DVA = developmental venous abnormality, F = female, FCD = focal cortical dysplasia, HC = hippocampus, 
L = left, M = male, OCD = obsessive compulsive disorder, R = right, RNS = Responsive NeuroStimulation.
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significantly different with an error of less than 5%, or p < 0.05, as is typical for hypothesis testing. A two-sample 
t-test was used for hypothesis testing as reported in Results.

All data and analyses are available upon request.

Results
The locations of 1561 electrodes from 8 patients (mean 28.9 years, range 17–44) were determined in standard 
MNI space and manually segmented into frontal, temporal and parietal/occipital head regions (Fig. 1a). Given its 
association with SWA, we examined first the non-rapid eye movement sleep state. Sleep states showed increased 
ratio of delta to beta power compared to the awake state for all eight patients (p < 0.05, Fig. 1b,c), in agreement 
with prior work classifying intracranial data into behavioral states30. Average power spectra showed decreased 
slow oscillation power, a transition band from approximately 1–2 Hz, and increased higher frequency power for 
contacts near the SOZ (Fig. 2a). To quantify this tilt of the power spectra, we examined the ratio of slow to fast 
activity. The decreased ratio of slow oscillation (0.3–1 Hz) to high beta and low gamma (20–50 Hz) activity was 
evident for SOZs located in any head region, and at the subject level for six of eight subjects (Fig. 2b). For the 
contacts closest to the SOZ, relative power in the 0.3–1 Hz frequency band was significantly decreased by 11–22% 
as compared to power in the same band in contralateral contacts (Fig. 2c). Specifically, power was decreased 
most prominently in the sleep state by 22% (t(1939) = −10–5, p < 1e-24), compared with decrements of 14% for 
the awake state (t(1939) = −4.6, p < 1e-5) and 11% for the postictal state (t(1255) = −3.6, p < 1e-3). In contrast, 
relative power in the 2–4 Hz frequency band was significantly increased by 10–18% for contacts closest to the 
SOZ. Specifically, power was increased by 10% for the awake state (t(1939) = 5.2, p < 1e-6), by 18% for the sleep 
state (t(1939) = 10.2, p < 1e-23), and 11% for the postictal state (t(1255) = 4.6, p < 1e-6). Similarly, there was 
increased relative activity in the 20–50 Hz frequency band for the sleep (t(1939) = 11.7, p < 1e-29) and postictal 
states (t(1255) = 4.4, p < 1e-4) postictal states. Increased high frequency power is also seen within the SOZ in 
the 4–13 Hz band during sleep but not awake and postictal states. Increased power in the 20–50 Hz band was not 
present in the SOZ during the awake state compared to sleep, perhaps representing cortical dysfunction.

Figure 1. Sleep and Postictal states show increased slow wave activity. (a) Electrode placements registered 
to common coordinates for two example patients (each row). Colors represent segmentation by frontal (dark 
blue = L, light blue = R), temporal (cyan = L, yellow = R), and parietal/occipital (orange = L, red = right) 
lobes for each hemisphere. (b) Example power spectra averaged across all contacts from one subject. (c) Sleep 
and postictal states show increased delta (1–4 Hz) relative to beta (13–25 Hz) activity compared to the awake 
state. Power ratio was calculated for each contact and averaged across all contacts. Error bars represent 95% 
confidence intervals determined by bootstrapping.
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We expected slow wave power to vary as a function of distance from the SOZ and wondered whether slow oscil-
lation power would vary differently than delta power given the possibly different mechanisms underlying activity 
in these bands. Given the apparent transition band for 1–2 Hz power in Figs 2a and 3b, we considered power bands 
of 0.3–1 Hz and 2–4 Hz for slow oscillation and delta activity, respectively. For a given distance from the SOZ, all 
contacts within that distance to the nearest SOZ contact were included. Power for slow oscillations increased with 
distance from the SOZ, while power for delta activity decreased (Fig. 3). This was true in the awake, sleep, and pos-
tictal states. Specifically, when compared to contacts 12 cm from the SOZ, contacts within 1 cm of the SOZ showed 
increased slow oscillation power by 23% for the awake state (t(3454) = 5.59, p < 1e-7), 32% for the sleep state 
(t(3454) = 8.8, p < 1e-17), and 35% for the postictal state (t(2131) = 6.8, P < 1e-10). In contrast, the same contacts 
showed relatively decreased delta activity by 11% for the awake state (t(3454) = −5.0, p < 1e-6), 15% for the sleep 
state (t(3454) = −6.7, p < 1e-10), and 16% for the postictal state (t(2131) = −6.5, p < 1e-10).

We compared postictal slowing to sleep, given that they represent different clinical states but can appear simi-
lar on EEG during visual inspection. Contacts near the SOZ show a broadband increase during postictal slowing 
compared to the awake state (Fig. 4). In contrast, for the sleep state contacts were increased relative to the awake 
state for low but not high frequencies. Compared to sleep, the ratio of slow oscillation to delta activity during the 
postictal state is reduced by 35% (t(454) = −5.8, P < 1e-4) for ipsilateral contacts within 2 cm of a SOZ and by 
29% (t(5131) = −12.9, P < 1e-36) for contacts within 12 cm of a SOZ (Fig. 3a, right panel).

We examined spatial correlations and synchrony for SWA with the hypotheses that spatial synchrony would be 
reduced ipsilateral to the SOZ and that cross-frequency coupling would be increased within the SOZ. Spatial cor-
relations for SWA were reduced for contacts ipsilateral to the SOZ, shown for 0.3–1 Hz activity in the awake, sleep 
and postictal states (Fig. 5). Similar differences were seen for 2–4 Hz activity but not higher frequency bands. The 
correlation differences were most robust in the frontal lobes (data not shown).

Finally, we examined synchrony between frequency bands (Fig. 6a,b) via phase amplitude coupling assessed 
via a Synchronization Index31, and focused on SWA as the underlying rhythm3,16. Maximal coupling to 20–50 Hz 
activity occurs around the positive peak of the 0.3–1 Hz activity (Fig. 6c, left column), consistent with prior data 
showing that slow oscillations modulate higher frequency activity during sleep3,34. Periods of increased activity, 
or “up” states, often occur during the surface positive portion of the slow wave oscillation6,35. Slow oscillation cou-
pling during the postictal state is generally reduced compared to sleep (Fig. 6d, top row), and occurs later during 
the slow oscillation phase after the up state peak. Together with Fig. 3, these results suggest slow oscillations have 
a weaker modulatory effect during postictal than sleep states. Activity in the 2–4 Hz band is a relatively stronger 
modulator of high frequency activity near the SOZ (Fig. 6d, bottom row).

Figure 2. Decreased power <1 Hz near the SOZ. (a) Average power for contacts stratified by their relation to 
the SOZ during sleep. (b) Power ratio of 0.3–1 Hz band to 20–50 Hz band for all contacts across subjects for 
frontal, temporal, and parietal/occipital contacts (left panel) as well as per patient (right panel) during sleep. 
Power <1 Hz during sleep is significantly decreased near the SOZ for six of eight patients. (c) Power by state 
for four frequency bands. Power is normalized by the average power from 0.3–50 Hz for each contact in the 
respective state. Error bars represent 95% confidence intervals determined by bootstrapping.
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Discussion
Slow wave activity (SWA) has long been associated with sleep and postictal states. Here, we find that slow oscilla-
tion activity (0.3–1 Hz) is decreased near the seizure onset zone (SOZ), while delta activity (2–4 Hz) is increased, 
suggesting that these frequency bands may result from different underlying mechanisms. We also show that pos-
tictal slowing is comprised of broadband power increases and has distinct characteristics from sleep.

Underlying physiology of normal and pathological slow waves. Slow oscillations at approxi-
mately 0.3–1 Hz modulate faster frequencies3,35,36 with periods of activity alternating between “up” and “down” 
states6. Layer 5 cortical neurons probably initiate up states, which persist due to recurrent excitatory synaptic 
activity8; up states are terminated either due to increased inhibitory inputs22 or as a result of activity-dependent 

Figure 3. Relative slow oscillation power increases with distance from the SOZ. (a) Power band 0.3–1 Hz 
increases with distance from the SOZ for contacts ipsilateral to the SOZ, while power in the 2–4 Hz band 
decreases. (b) Change in power relative to power in contacts less than 1 cm from the SOZ. All contacts within 
a given distance from the SOZ are included. Error bars represent 95% confidence intervals determined by 
bootstrapping.

Figure 4. Broadband power is increased during the postictal state. (a) Average spectra near and contralateral 
to the SOZ for awake, sleep, and postictal states. (b) Power bands corresponding to the power spectra. Power is 
relative to the mean awake power (0.3–50 Hz) for each contact.
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potassium conductances8. Activity-dependent potassium conductances are associated with regulation of neu-
ronal activity and action potential firing rate adaptation37. When inhibitory inputs are decreased, it appears that 
activity-dependent potassium conductances exert a relatively stronger dampening effect and decrease slow oscil-
lation frequency12. These potassium conductances may be reduced near the SOZ, which could lead to decreased 
slow oscillation power10,11. Many antiepileptic medications effectively increase firing rate adaptation via sodium-38 
or potassium-related39 mechanisms, suggesting that these medications could alter low frequency power spectra 
of patients. Other data show that slow wave power including delta activity may reflect the strength of synaptic 
inputs13,14, where delta activity has been associated with thalamocortical inputs36 and lower frequency activity 
persisted without thalamic input17. Interictal epileptiform activity could contribute to SWA, as spike shape and 
frequency changes near the SOZ26,40, and interictal epileptiform activity contains a wide range of frequencies 
including delta and beta activity41,42. Overall, recent data support the notion that activity in the 0.3 to 4 Hz range 
likely represents at least two distinct processes43.

Slow waves in sleep and postictal states. Non-rapid eye movement sleep especially occurring during 
the first portion of the night have long been associated with increased slow wave activity6. Sleep deprivation 
results in a decreased number of slow waves below 1 Hz and increased EEG power greater than 1 Hz44. Recent 
work has compared delta activity during slow wave sleep from normal individuals and those with epilepsy14, find-
ing increased activity near the SOZ. Increased 1–4 Hz activity was also correlated with increased seizure activity 
over the previous 3–5 days and increased interictal epileptiform activity the hour prior to bedtime. One inter-
pretation is that the SOZ and epileptiform activity represent increased neuronal activity that requires increased 
synaptic renormalization, which leads to increased delta activity during sleep13. These results are consistent with 
the idea that the SOZ represents a region of increased neuronal activity reflected in reduced 0.3–1 Hz activity, 
which could reflect reduced potassium conductances10,11. Postictal slowing may represent increased excitability 
relative to the slowing of sleep, given its reduced ratio of slow oscillation to delta power. The broadband increases 
seen during postictal states are consistent with an overall increased number of neural units contributing to the 
spectral power5. Thus, what is referred to as postictal slowing may be an increased number of active asynchronous 
neurons, rather than a smaller group of synchronous neurons as for sleep.

Dissociation between slow oscillation and delta activity may localize the SOZ. Changes in the 
composition of slow wave power can appear on the centimeter spatial scale15 and could be useful for the localiza-
tion of the SOZ. Prior work focusing on lower frequencies (<0.5 Hz) described the utility of DC shifts recorded 
just prior to seizures to localize the SOZ4,45. This infraslow activity is often present prior to seizures46 and may 
have non-neuronal physiological mechanisms47. The reduced slow activity described here is somewhat faster and 
appears to be a static property of the SOZ, most notable during sleep and in conjunction with increased activity in 
the beta and low gamma frequency bands. Similar decreases in slow activity and increases in fast activity during 
event-related tasks have been associated with activated cortex48, and may be related to local desynchronization 
with a relative increase of excitatory drive, which may also be found in epileptogenic cortex.

Interictal spatial and temporal synchrony. Prior work has examined synchrony from subdural iEEG 
data from epileptic cortex. Linear spatial correlations were increased within the SOZ25 and decreased between 
electrodes that bridge the SOZ and non-SOZ24, consistent with the idea that the SOZ represents an area of 
increased local synchrony. Despite this, long-range spatial correlations remain25. Here, spatial coupling is reduced 
in the hemisphere ipsilateral to the SOZ, consistent with the notion that the SOZ disrupts long-range spatial 
synchrony in the ipsilateral hemisphere. Phase amplitude coupling has been noted to be increased within the 
SOZ26,28. Specifically, during sleep the preferred coupling phase for 0.3–4 Hz to 30–80 Hz activity was noted to 

Figure 5. Correlations for the 0.3–1 Hz frequency band are increased for the contralateral hemisphere, shown 
during sleep. Correlations are Fisher z-transformed prior to averaging. Error bars represent 95% confidence 
intervals determined by bootstrapping.
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occur roughly at the down to up state transition (about 270 degrees)28. Here, slow oscillation activity had a pre-
ferred coupling phase of approximately 0 degrees, while delta activity had a phase of approximately 260. Increased 
coupling and an earlier phase may be related to more excitable cortex26,28,49,50. Especially during the postictal state, 
delta rather than slow oscillation activity may have an increased modulatory role near the SOZ: power in the 
slow oscillation frequency range (0.3–1 Hz) is decreased in the SOZ, cross-frequency coupling is increased near 
the SOZ for the 2–4 Hz power band, and the preferred coupling phase for 2–4 Hz activity occurs earlier than the 
0.3–1 Hz activity.

Limitations. This study is limited by the inclusion of eight patients, five of whom had repeated focal seizures 
that allowed for the analysis of the postictal state. Further, patient specific electrode coverage limits subject level 
conclusions. For example, differences in SWA may be more prominent for certain head regions or epilepsy types. 
More than 1500 subdural electrodes were implanted allowing for conclusions to be drawn from group analysis of 
contacts. Nonetheless conclusions from our results are limited by the non-uniformity of the electrode coverage 
between patients. For example, 55% of the contacts that were less than 2 cm from the SOZ arose from two of the 
eight patients. To address this non-uniformity, we analyzed our results in two ways: by averaging data for each 
patient to assess inter-patient differences (e.g. Fig. 2b right panel), and by averaging across all electrodes of a given 
type to avoid weighting some channels more than others (e.g. Fig. 2b left panel). We were limited by the 0.16 Hz 
cutoff frequency of the amplifier hardware high pass filter, which gives nonlinear phase shifts below the cutoff 
frequency. Hence, we examined frequencies greater than 0.3 Hz. Although sleep was not formally staged due to 
the absence of appropriate scalp data, during the majority of epochs iEEG showed a clear state change marked by 
high amplitude slow wave activity and increased ratio of delta to beta power, which are widely accepted signatures 
of non-REM sleep activity30.

References
 1. Worrell, G. A. et al. High-frequency oscillations in human temporal lobe: Simultaneous microwire and clinical macroelectrode 

recordings. Brain 131, 928–937 (2008).
 2. Ren, L. et al. Gamma oscillations precede interictal epileptiform spikes in the seizure onset zone. Neurology 84, 602–8 (2015).
 3. Vanhatalo, S. et al. Infraslow oscillations modulate excitability and interictal epileptic activity in the human cortex during sleep. Proc 

Natl Acad Sci USA 101, 5053–5057 (2004).
 4. Miller, J. W., Kim, W., Holmes, M. D. & Vanhatalo, S. Ictal localization by source analysis of infraslow activity in DC-coupled scalp 

EEG recordings. Neuroimage 35, 583–97 (2007).
 5. Miller, K. J., Sorensen, L. B., Ojemann, J. G. & Den Nijs, M. Power-law scaling in the brain surface electric potential. Plos Comput. 

Biol. 5 (2009).
 6. Destexhe, A. & Contreras, A. In Sleep and Anesthesia (ed. Hutt, A.) (Springer, 2011).

Figure 6. Cross frequency coupling between slow frequencies and 20–50 Hz activity. (a) Example showing 
maximal coupling of 330 degrees between slow and high frequencies (dashed vertical lines, left panel) displayed 
on a polar plot (right panel). Zero degrees represents the peak of the surface positive slow frequency (positive 
is downward). (b) Example data from a single channel during sleep showing raw data (bottom row), 0.3–1 Hz 
filtered data (middle row), and 20–50 Hz filtered data. (c) Circular histograms of the preferred slow frequency 
coupling phase for each electrode channel for the 0.3–1 Hz (left column) and 2–4 Hz (right column) frequency 
bands to 20–50 Hz activity. (d) Coupling strength between the 0.3–1 Hz (upper panel) or 2–4 Hz (lower panel) 
and 20–50 Hz activity. Coupling strength is inversely related to the spread seen in the circular histograms. The 
darkest bar represents ipsilateral contacts <2 cm from the SOZ, the middle bar ipsilateral contacts >2 cm from 
the SOZ, and the lightest bar contralateral contacts. (e) Preferred coupling phase of the slow wave activity for 
the sleep and postictal state. Error bars represent 95% confidence intervals determined by bootstrapping.

https://doi.org/10.1038/s41598-019-42347-y


9Scientific RepoRts |          (2019) 9:6218  | https://doi.org/10.1038/s41598-019-42347-y

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

 7. Current Practice of Clinical Electroencephalography. (Wolters Kluwer, 2014).
 8. Neske, G. T. The Slow Oscillation in Cortical and Thalamic Networks: Mechanisms and Functions. Front. Neural Circuits 9, 88 

(2015).
 9. Sanchez-Vives, M. V., Massimini, M. & Mattia, M. Shaping the Default Activity Pattern of the Cortical Network. Neuron 94, 

993–1001 (2017).
 10. Lundstrom, B. N., Higgs, M. H., Spain, W. J. & Fairhall, A. L. Fractional differentiation by neocortical pyramidal neurons. Nat 

Neurosci 11, 1335–1342 (2008).
 11. Lundstrom, B. N., Fairhall, A. L. & Maravall, M. Multiple timescale encoding of slowly varying whisker stimulus envelope in cortical 

and thalamic neurons in vivo. J Neurosci 30, 5071–5077 (2010).
 12. Sanchez-Vives, M. V. et al. Inhibitory Modulation of Cortical Up States. J. Neurophysiol. 104, 1314–1324 (2010).
 13. Tononi, G. & Cirelli, C. Sleep and the Price of Plasticity: From Synaptic and Cellular Homeostasis to Memory Consolidation and 

Integration. Neuron 81, 12–34 (2014).
 14. Boly, M. et al. Altered sleep homeostasis correlates with cognitive impairment in patients with focal epilepsy. Brain 140, 1026–1040 

(2017).
 15. Nir, Y. et al. Regional Slow Waves and Spindles in Human Sleep. Neuron 70, 153–169 (2011).
 16. Steriade, M. Grouping of brain rhythms in corticothalamic systems. Neuroscience 137, 1087–1106 (2006).
 17. Steriade, M., Contreras, D., Curró Dossi, R. & Nuñez, A. The slow (&lt; 1 Hz) oscillation in reticular thalamic and thalamocortical 

neurons: scenario of sleep rhythm generation in interacting thalamic and neocortical networks. J. Neurosci. 13, 3284–99 (1993).
 18. Englot, D. J. et al. Impaired consciousness in temporal lobe seizures: role of cortical slow activity. Brain 133, 3764–3777 (2010).
 19. Yang, L., Worrell, G. A., Nelson, C., Brinkmann, B. & He, B. Spectral and spatial shifts of post-ictal slow waves in temporal lobe 

seizures. Brain 135, 3134–43 (2012).
 20. Frauscher, B. et al. Atlas of the normal intracranial electroencephalogram: neurophysiological awake activity in different cortical 

areas. Brain 141, 1130–1144 (2018).
 21. Nunez, P. L. & Srinivasan, R. Electric fields of the brain: the neurophysics of EEG. (Oxford University Press, 2006).
 22. Funk, C. M. et al. Role of Somatostatin-Positive Cortical Interneurons in the Generation of Sleep Slow Waves. J. Neurosci. 37, 

9132–9148 (2017).
 23. Tort, A. B. L. et al. Dynamic cross-frequency couplings of local field potential oscillations in rat striatum and hippocampus during 

performance of a T-maze task. Proc. Natl. Acad. Sci. USA 105, 20517–22 (2008).
 24. Klimes, P. et al. The functional organization of human epileptic hippocampus. J. Neurophysiol. 115, 3140–5 (2016).
 25. Zaveri, H. P. et al. Localization-related epilepsy exhibits significant connectivity away from the seizure-onset area. Neuroreport 20, 

891–895 (2009).
 26. Lundstrom, B. N., Meisel, C., Van Gompel, J., Stead, M. & Worrell, G. Comparing spiking and slow wave activity from invasive 

electroencephalography in patients with and without seizures. Clin. Neurophysiol. 129, 909–919 (2018).
 27. Helfrich, R. F. et al. Entrainment of brain oscillations by transcranial alternating current stimulation. Curr. Biol. 24, 333–9 (2014).
 28. Amiri, M., Frauscher, B. & Gotman, J. Phase-Amplitude Coupling Is Elevated in Deep Sleep and in the Onset Zone of Focal Epileptic 

Seizures. Front. Hum. Neurosci. 10, 387 (2016).
 29. Podkorytova, I., Hoes, K. & Lega, B. Stereo-Encephalography Versus Subdural Electrodes for Seizure Localization. Neurosurg. Clin. 

N. Am. 27, 97–109 (2016).
 30. Kremen, V. et al. Behavioral state classification in epileptic brain using intracranial electrophysiology. J. Neural Eng. 14, 026001 (2017).
 31. Cohen, M. X. Assessing transient cross-frequency coupling in EEG data. J. Neurosci. Methods 168, 494–499 (2008).
 32. Zar, J. H. Biostatistical analysis. (Pearson Education, 2009).
 33. Press, W. H. Numerical recipes in C: the art of scientific computing. (Cambridge University Press, 1992).
 34. Contreras, D. & Steriade, M. Cellular basis of EEG slow rhythms: a study of dynamic corticothalamic relationships. J. Neurosci. 15, 

604–622 (1995).
 35. Massimini, M., Huber, R., Ferrarelli, F., Hill, S. & Tononi, G. The Sleep Slow Oscillation as a Traveling Wave. J. Neurosci. 24, 

6862–6870 (2004).
 36. Steriade, M., Nuñez, A. & Amzica, F. Intracellular analysis of relations between the slow (&lt; 1 Hz) neocortical oscillation and other 

sleep rhythms of the electroencephalogram. J. Neurosci. 13, 3266–83 (1993).
 37. Koch, C. Biophysics of computation: information processing in single neurons. Computational neuroscience (Oxford University 

Press, 1999).
 38. de Biase, S., Gigli, G. L., Valente, M. & Merlino, G. Lacosamide for the treatment of epilepsy. Expert Opin Drug Metab Toxicol 10, 

459–468 (2014).
 39. Cooper, E. C. Potassium Channels (including KCNQ) and Epilepsy. Jasper’s Basic Mechanisms of the Epilepsies (National Center for 

Biotechnology Information (US), 2012).
 40. Bower, M. R. et al. Reactivation of seizure-related changes to interictal spike shape and synchrony during postseizure sleep in 

patients. Epilepsia 58, 94–104 (2017).
 41. Heers, M. et al. Spectral bandwidth of interictal fast epileptic activity characterizes the seizure onset zone. NeuroImage. Clin. 17, 

865–872 (2018).
 42. Janca, R. et al. Detection of interictal epileptiform discharges using signal envelope distribution modelling: application to epileptic 

and non-epileptic intracranial recordings. Brain Topogr. 28, 172–83 (2015).
 43. Bernardi, G., Siclari, F., Handjaras, G., Riedner, B. A. & Tononi, G. Local and Widespread Slow Waves in Stable NREM Sleep: 

Evidence for Distinct Regulation Mechanisms. Front. Hum. Neurosci. 12, 248 (2018).
 44. Bersagliere, A. & Achermann, P. Slow oscillations in human non-rapid eye movement sleep electroencephalogram: effects of 

increased sleep pressure. J. Sleep Res. 19, 228–237 (2010).
 45. Vanhatalo, S. et al. Very slow EEG responses lateralize temporal lobe seizures: an evaluation of non-invasive DC-EEG. Neurology 60, 

1098–104 (2003).
 46. Thompson, S. A. et al. Ictal infraslow activity in stereoelectroencephalography: Beyond the “DC shift”. Clin. Neurophysiol. 127, 

117–128 (2016).
 47. He, B. J., Snyder, A. Z., Zempel, J. M., Smyth, M. D. & Raichle, M. E. Electrophysiological correlates of the brain’s intrinsic large-scale 

functional architecture. Proc. Natl. Acad. Sci. 105, 16039–16044 (2008).
 48. Podvalny, E. et al. A unifying principle underlying the extracellular field potential spectral responses in the human cortex. J. 

Neurophysiol. 114, 505–19 (2015).
 49. Frauscher, B. et al. Facilitation of epileptic activity during sleep is mediated by high amplitude slow waves. Brain 138, 1629–1641 

(2015).
 50. Helfrich, R. F., Mander, B. A., Jagust, W. J., Knight, R. T. & Walker, M. P. Old Brains Come Uncoupled in Sleep: Slow Wave-Spindle 

Synchrony, Brain Atrophy, and Forgetting. Neuron 97, 221–230.e4 (2018).

Acknowledgements
Mayo Clinic Foundation for salary support as Mayo Scholar (BNL) and grant support from NIH/NINDS 
1R03NS096379 (MB).

https://doi.org/10.1038/s41598-019-42347-y


1 0Scientific RepoRts |          (2019) 9:6218  | https://doi.org/10.1038/s41598-019-42347-y

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

Author Contributions
B.N.L. conceptualized the study, analyzed the data and drafted the initial manuscript. R.D. played a major role 
in data acquisition. All authors assisted in study design and revision of the manuscript for intellectual content.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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) 2019

https://doi.org/10.1038/s41598-019-42347-y
http://creativecommons.org/licenses/by/4.0/

	Slowing less than 1 Hz is decreased near the seizure onset zone
	Methods
	Patient data. 
	Intracranial EEG data. 
	Data processing and power spectrum analyses. 
	Correlations between contacts and cross-frequency coupling. 
	Statistical analysis. 

	Results
	Discussion
	Underlying physiology of normal and pathological slow waves. 
	Slow waves in sleep and postictal states. 
	Dissociation between slow oscillation and delta activity may localize the SOZ. 
	Interictal spatial and temporal synchrony. 
	Limitations. 

	Acknowledgements
	Figure 1 Sleep and Postictal states show increased slow wave activity.
	Figure 2 Decreased power <1 Hz near the SOZ.
	Figure 3 Relative slow oscillation power increases with distance from the SOZ.
	Figure 4 Broadband power is increased during the postictal state.
	Figure 5 Correlations for the 0.
	Figure 6 Cross frequency coupling between slow frequencies and 20–50 Hz activity.
	Table 1 Abbreviations: amb = ambidextrous, AMTL = anteromesial temporal lobectomy, bilat = bilateral, DVA = developmental venous abnormality, F = female, FCD = focal cortical dysplasia, HC = hippocampus, L = left, M = male, OCD = obsessive compulsive diso




