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Inter-ictal spikes aid in the diagnosis of epilepsy and in planning surgery of medication-resistant epilepsy. However, the localizing in-
formation from spikes can be unreliable because spikes can propagate, and the burden of spikes, often assessed as a rate, does not 
always correlate with the seizure onset zone or seizure outcome. Recent work indicates identifying where spikes regularly emerge 
and spread could localize the seizure network. Thus, the current study sought to better understand where and how rates of single 
and coupled spikes, and especially brain regions with high-rate and leading spike of a propagating sequence, informs the extent of 
the seizure network.

In 37 patients with medication-resistant temporal lobe seizures, who had surgery to treat their seizure disorder, an algorithm de-
tected spikes in the pre-surgical depth inter-ictal EEG. A separate algorithm detected spike propagation sequences and identified the 
location of leading and downstream spikes in each sequence. We analysed the rate and power of single spikes on each electrode and 
coupled spikes between pairs of electrodes, and the proportion of sites with high-rate, leading spikes in relation to the seizure onset 
zone of patients seizure free (n = 19) and those with continuing seizures (n = 18). We found increased rates of single spikes in mesial 
temporal seizure onset zone (ANOVA, P < 0.001, η2 = 0.138), and increased rates of coupled spikes within, but not between, mesial-, 
lateral- and extra-temporal seizure onset zone of patients with continuing seizures (P < 0.001; η2 = 0.195, 0.113 and 0.102, respect-
ively). In these same patients, there was a higher proportion of brain regions with high-rate leaders, and each sequence contained a 
greater number of spikes that propagated with a higher efficiency over a longer distance outside the seizure onset zone than patients 
seizure free (Wilcoxon, P = 0.0172). The proportion of high-rate leaders in and outside the seizure onset zone could predict seizure 
outcome with area under curve = 0.699, but not rates of single or coupled spikes (0.514 and 0.566). Rates of coupled spikes to a great-
er extent than single spikes localize the seizure onset zone and provide evidence for inter-ictal functional segregation, which could be 
an adaptation to avert seizures. Spike rates, however, have little value in predicting seizure outcome. High-rate spike sites leading 
propagation could represent sources of spikes that are important components of an efficient seizure network beyond the clinical seiz-
ure onset zone, and like the seizure onset zone these, too, need to be removed, disconnected or stimulated to increase the likelihood for 
seizure control.
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Graphical Abstract

Introduction
The EEG is an important test for the diagnosis and treatment 
of epilepsy. In patients with medication-resistant seizures 
who are candidates for surgery, the location of scalp-, and 
if needed depth EEG-, recorded seizure onsets, indicating 
the seizure onset zone or SOZ helps to plan the resection. 
Inter-ictal EEG spikes (herein referred to as spikes), which 
are distinct phenomena from seizures,1 also can be used, 
but the reliance on spikes is lower than seizures because elec-
trodes with frequent spikes can localize in, as well as outside, 
the SOZ.2-4 Further, studies show surgical patients with tem-
poral lobe epilepsy who had infrequent unilateral spikes of-
ten had better seizure outcomes than those with frequent or 
bilateral spikes,5-7 yet others did not.8,9 The inconsistent re-
sults could be due to differences in aetiology, incomplete un-
derstanding of the pathophysiology of spikes or the measure 
of spikes, which often is based on the rate at each electrode 
contact and might not accurately represent the functional 
disturbance(s) critical to the seizure network.

Similar to studies of seizures, network analysis is used to 
study spikes and different approaches have been applied to 

assess where spikes begin and propagate in relation to the 
SOZ.10-13 Results show electrodes with highest rate of spikes 
are not always in the SOZ, but near to it, and the area where 
spikes propagate often overlaps with the SOZ.11,12 In some 
cases, the locations where spikes emerge from or spread to 
are the same as those for ictal discharges.10,14 Overall, results 
suggest electrodes with frequent spikes that are the source of 
propagation could be useful to localize the seizure net-
work4,10,12 and predict seizure outcome.13

To further our understanding of spikes in relation to the 
seizure network, we studied the spatiotemporal character-
istics of spikes to answer the following questions. Does the 
rate of spikes on individual electrodes or the rate of coinci-
dent or coupled spikes between pairs of electrodes corres-
pond with the location of the SOZ? Do electrodes with 
frequent spikes that contain the first or leading spike in a 
propagated series, which we termed high-rate leaders or 
hiRL, only reside in the SOZ? Can the rate of spikes or pro-
portion of hiRL or do both equally predict seizure out-
come? Answers to these questions derive from a 
quantitative analysis of spikes and propagation recorded 
on depth electrodes implanted in patients with medication- 
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resistant temporal lobe epilepsy who subsequently had sur-
gery to treat their seizure disorder.

Materials and methods
Subjects and clinical recordings
Patients in the current retrospective study were part of a pre-
vious study,15 but the objectives and analysis are different be-
tween the previous and current work. Patients had 
medication-resistant focal seizures who were candidates for 
epilepsy surgery but required an invasive EEG test to localize 
the brain area where seizures began. All patients were bilat-
erally implanted with 7- to 9-contact clinical depth electrodes 
(Ad-Tech Medical Instrument, Oak Creek, WI) oriented per-
pendicular to the lateral surface of the temporal bone and po-
sitioned in mesial temporal lobe regions such as amygdala, 
entorhinal cortex, hippocampus and para-hippocampal 
gyrus, as well as extra-temporal areas including, but not lim-
ited to, orbitofrontal cortex, anterior cingulate gyrus and sup-
plementary motor areas. Patients were recorded for 7–14 days 
in the hospital to capture a sufficient number of habitual sei-
zures, which were reviewed by the attending neurologist to 
identify the electrode contacts where seizures first appeared. 
These contacts were labelled as the seizure onset zone 
(SOZ) and all remaining electrode contacts were labelled 
non-SOZ (NSOZ). All patients provided informed consent 
before the implantation of depth electrodes and participating 
in this research, which was approved by the UCLA Medical 
Institutional Review Board 3 (10-001452).

Depth electrode recordings and 
localization
Inter-ictal depth EEG recordings were reviewed to remove 
signals containing non-EEG noise and the remaining signals 
notched filtered at 60 Hz to remove powerline interference. 
Postoperative CT scans were registered to preoperative 
MRIs to localize the electrode contacts, and those contacts 
fully in white matter were excluded from the analysis. 
Analysis was performed on EEG recorded from 1644 noise- 
free electrode contacts (M: 50 ± 15 contacts per patient) po-
sitioned in the gray matter. For each patient a 10- to 60-min 
depth EEG segment was selected using the following criteria: 
(i) more than 24 h after electrode implantation; (ii) before ta-
pering of anti-seizure medications; (iii) at least 6 h before the 
first recorded seizure and (iv) period of quiet wakefulness 
with eyes open or closed. The sampling rates were 200 Hz 
(n = 29 patients), 1 kHz (n = 1) and 2 kHz (n = 7).

Spike detection and connectivity 
matrices
Spikes were detected in each patient’s recording using a 
power spectrum whitening technique in the Delphos soft-
ware,16,17 which was validated visually and quantitatively 

(Fig. 1A) using 10 patients and from each 5 channels, both 
randomly selected. Results from the automated Delphos de-
tector were compared to those from an independent, manual 
detection (see Supplementary Table 1).

The strength of spikes coupling between two channels chi 

and chj was determined by summing the spikes appearing 
simultaneously within a 100 ms window on both channels 
and dividing by the total duration in seconds. The coupling 
rate rij found at the row i and column j of the spikes coupling 
matrices represented the spikes coupling rate between chan-
nels i and j. The broadband power of the spikes was calcu-
lated for each recording, then used to construct the spikes 
coupling power matrices. Coupled spikes power between 
two channels was defined as the mean of the power of all 
spikes on both channels appearing simultaneously on both 
channels within a given window (100 ms). Consequently, 
the spike coupling power Mij at row i and column j of the 
spikes coupling power matrix is calculated as follows:

Mij =
1
N

N

k=1

(pki + pkj) 

where pki is the broadband power of the spikes at channel i 
that appears simultaneously with a spike on channel j whose 
power is denoted as pkj. N is the total number of coupled 
spikes between channels i and j.

To compute distance connectivity matrices, first the anatom-
ical MRI image was co-registered with the CT image to mask 
non-brain areas. Then the masked CT images were thresholded, 
eroded and Gaussian filtered to identify electrodes locations. 
The processed CT scans were imported into iElectrodes tool-
box18 where electrode contacts where localized, labelled and in-
dexed. The x, y and z coordinates, in millimeter (mm), for each 
contact in gray matter was extracted according to the MNI sys-
tem of coordinates whose origin is at the anterior commissure 
and has an RAS orientation. The Euclidean distance between 
each pair of electrodes was then calculated and arranged into 
a symmetric matrix where the distance dij found on row i and 
column j represents the distance between channels i and j.

High power–high rates pairs
To identify functionally connected electrodes in spike gener-
ation and their proximity to synchronized spike sources, 
spikes coupling rates and power matrices were used. 
Contact pairs with the highest 10% coupled spike rates 
and power were retained by thresholding both matrices. 
The common contact pairs in both thresholded matrices 
were isolated to compare between patient groups (seizure 
free, SF, and not seizure free, NSF) as well as compare be-
tween different brain areas (e.g. mesial and lateral temporal 
lobe and extra-temporal lobe regions).

Electrode contacts grouping
Electrode contacts were categorized by their location 
relative to the temporal lobe: mesial (M), lateral (L) and 
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extra-temporal (E), i.e. outside the temporal lobe mostly in the 
frontal lobe and rarely in the parietal and occipital lobe (see 
Supplementary Table 2 for detailed electrode positioning per 
patient). Spike functional connectivity networks represented 
as spikes coupling rates were classified with respect to the 
SOZ. The SOZ networks included all contacts within the 
SOZ; NSOZ networks comprised of all contact pairs outside 
the SOZ, and SOZ–NSOZ network was when one contact 
was in SOZ and the other in NSOZ (see Fig. 1C).

In regard to brain regions, a similar grouping technique 
was adopted where all electrode channels labelled either 
M, L or E produced six possible regional networks, namely: 
M–M, M–L, M–E, L–L, L–E and E–E. The mean value of 
spikes coupling rate/power was calculated for each network 
either in relation to SOZ or in relation with respect to the 
temporal regions. However, this approach deprived us 
from the ability to assess the interaction between brain re-
gions and SOZ. For instance, a contact pair that is classified 

Figure 1 Analysis pipeline. (A) Intracerebral EEG signals are fed to an automatic spike detector (based on spectral whitening) 
to detect spikes. For each pair of channels chi and chj coupled spike rate was computed by counting the number of times two spikes appeared 
synchronously on both channels in a window of 100 ms and dividing by total duration of the signal. Spikes appearing asynchronously on pairs of 
electrodes were not included. The value rij at column i and row j represents the coupled spike rate in spikes/second for channels of indices i and j. 
(B) Spike sequences are extracted from EEG recordings where the channel whose spike that first appears in time in a particular sequence is 
considered a leading channel and all the other participating contacts are considered downstream channels. The maximum propagation time 
allowed (PT max) was set to 50 ms, all downstream channels should have spikes appearing in a window of 15 ms from the previous 
sequence-participating channel. Leading-downstream matrices were constructed where each value aij represents the number of times channel j 
appeared in a spike sequence lead by channel i. Trajectory distance t travelled by a propagating spike was calculated by adding elementary Euclidean 
distances between channels with spikes in a particular sequence. Spike sequences were clustered using k-means algorithm, and distance d between 
dominant cluster and seizure onset zone (SOZ) was calculated. (C) Classification of connectivity matrices values. Channels first showing seizure 
onset were classified as seizure onset zone channels, i.e. SOZ. All the other channels were considered non-seizure onset zone channels (NSOZ). 
The values in each connectivity matrix were classified into three networks, intra-SOZ, intra-NSOZ and inter-SOZ–NSOZ.
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to be a part of the M–L network has one of its contacts in the 
mesial and the other in the lateral temporal lobe. At the same 
time, both contacts can still be a part of the SOZ network. 
This is not true for all contacts in the M–L networks where 
some pairs could be a part of the NSOZ or the SOZ– 
NSOZ network. Hence, calculating the average value for a 
given brain region network unavoidably disregards the 
zone networks and vice versa. To evaluate the interaction be-
tween anatomical regions and brain zones (SOZ), individual 
non-averaged coupled spikes measures were considered.

Spikes sequences: temporal and 
spatial clustering
To identify series of propagated spikes, we used methods 
adapted from a recently published study.12 Briefly, the spike 
that appeared first was labelled as the leader of a propagation 
sequence and any other spikes on different channels that ap-
peared within 50 ms of the leader or within 15 ms of the last 
spike were added to the sequence. The window of 50 ms was 
later expanded to 100 ms producing similar results. As in the 
previous study,12 sequences with fewer than 5 spikes or with 
over 50% of the participating spikes occurring within 2 ms 
were discarded. Also, distance between electrodes showing 
spikes of a sequence was taken into consideration to limit 
propagation velocity to 10 m/s.19 Contrary to referred study, 
a visual and quantitative validation of spike detections were 
performed before spike sequencing. An unsupervised cluster-
ing algorithm (k-means) was used to group spikes into clus-
ters by their coordinates. Each cluster was characterized by 
its position (x, y and z coordinates) and the proportion of 
spikes per cluster a spike cluster. Clusters were chosen to 
minimize the Euclidean distance between spikes channels 
and cluster centroid. The cluster with largest number of 
spikes was labelled as the ‘dominant cluster’. The number 
of clusters was visually chosen for each patient as the inflec-
tion point in a plot of sum of square error as function of clus-
ter number. We used an open-source code with default 
parameters, available at: https://github.com/erinconrad/ 
spike-propagation.

Propagated spikes and clusters 
measures
A number of measures were computed to assess aspects of 
spikes propagation and spikes clusters. 
• Average propagation time (PT) is the difference in time 

(ms) between the leading and last spikes in a propagated 
sequence. The average for all sequences was calculated 
for each patient (see Fig. 1B upper row).

• Total distance travelled per propagated sequence (t): the 
sum of all Euclidean distances between one channel and 
preceding channel containing spike in a propagated se-
quence calculated as ti, i = 1 . . . N − 1, N is number of 
spikes per sequence, and normalized as the total distance 
divided by the longest distance between two channels 
(tmax) in each patient (see Fig. 1B lower row).

• Normalized distance between SOZ and dominant cluster (d): 
computed as the Euclidean distance between centroid x, y and 
z coordinates of the SOZ and dominant cluster and then nor-
malized by tmax in each patient (see Fig. 1B lower row).

• Normalized distance between SOZ and leading contacts: 
computed as the average of all distances between the 
SOZ centroid and leading contact of each spikes propa-
gated sequence and normalized with respect to tmax. The 
average distance is then calculated for each patient.

• Normalized distance between SOZ and high-rate contacts: 
computed as the average of all distances between the SOZ cen-
troid and each high-rate spikes contact, defined as top 10th 
percentile of spike rates, and normalized with respect to tmax.

• Global efficiency: a single value for each patient computed 
using the BCT toolbox function20 that represents the over-
all inverse of the shortest path length between each pair of 
contacts in the asymmetrical leading-downstream propa-
gated spikes connectivity matrix, where a sequence con-
taining leader contact i and downstream contact j could 
have a directed connecting edge from i to j.

• Percentage of high rate to leading contacts (hiRL): in each 
patient, the electrode contacts that were in the top 10th 
percentile of spiking rates were identified and the percent-
age of those contacts that were also leading contacts in at 
least two spike sequences was calculated. A similar calcu-
lation was performed after grouping the contacts accord-
ing to their location with respect to the SOZ.

Statistical analysis
Multivariate analysis of covariance was used to assess the ef-
fects of brain region (M, L and E), SOZ and seizure outcome 
on spike rate and power, including inter-contact distance as a 
covariate. All data were tested for normality and non-normal 
distributions transformed using a Box–Cox function. Data 
that could not be transformed to a normal distribution were 
analysed with non-parametric tests. Effect sizes were computed 
in SPSS as eta squared (η2) or Cliff’s d. Effect size was consid-
ered small if η2 ≤ 0.01, medium 0.01 < η2 ≤ 0.14 and large if 
η2 > 0.14. In all cases, Bonferroni method was used to correct 
for multiple comparisons when needed. Pearson correlation 
was used to evaluate the linear relationship between inter- 
contacts distance and spikes coupling rates/power. All statistic-
al tests were carried out using SPSS software21 except for the 
Wilcoxon tests which were performed using the Statistics 
Toolbox of MATLAB software (The Math Works, Inc., 
MATLAB. Version 2020a). All statistical tests used were two- 
tailed tests. Analyses were performed objectively using fully 
automatic detectors and toolboxes, reducing human interfer-
ence and thus no blinding or randomization was used.

Seizure outcome prediction and 
validation
A feedforward network model22 with one hidden layer con-
sisting of 10 neurons was constructed to evaluate measures 
of spikes to predict seizure outcome. The network was 
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designed to make predictions based on input features of hiRL 
or individual spike rates (percentage of hiRL or rate of spikes 
in SOZ and NSOZ) or coupled spike rates (rates in SOZ, 
NSOZ, and between SOZ and NSOZ). To validate the per-
formance of the network, a leave-one-out validation method 
was applied. In case of hiRL, 25 patients were randomly se-
lected and 24 were used to train the model and 1 was used to 
test the model. To eliminate the possibility of chance results 
providing a high area under the curve (AUC) value, this pro-
cess was repeated 1000 times and, in each iteration, 25 pa-
tients were randomly drawn from the original 30 patients. 
A similar approach was used for spike rates, but 30 (29 to 
train and 1 to test) of the total 37 patients were randomly se-
lected to maintain a comparable percentage of selected to to-
tal patients (83%). The performance of the network model 
was assessed by calculating the area under the receiver oper-
ating characteristic (ROC) curve, which provides a measure 
of the predictive accuracy with values closer to 1 indicating 
better predictive performance.

Results
Patient cohort
We reviewed 113 patients with medication-resistant focal 
seizures who required invasive EEG tests to treat their seizure 
disorder, and we identified 56 with temporal lobe seizures. 
Of these latter patients, 37 patients (n = 24 females; mean 
age of 37.1 ± 12 years) with focal seizures that began in uni-
lateral (n = 29) or bilateral (n = 6) mesial temporal lobe or 
unilateral temporo-parietal (n = 1) or -frontal regions (n = 1) 
were included in the current study (Supplementary Table 3). 
Nineteen were SF with an Engel score of IA or IB and eighteen 
continued to have seizures (NSF) after resective or RNS sur-
gery (Engel Class IC to IVC) with mean follow-up of 3.12 
(±1.9) years. The proportion of females to males and median 
age at surgery was similar between seizure outcome groups 
(Mdn: SF 45 versus NSF 39 years old; Wilcoxon test, 
P = 0.368, Cliff’s d = 0.142). There was no significant differ-
ence in frequency of seizures or auras between the SF and NSF 
groups (Wilcoxon, P = 0.961, d = 0.067 and P = 0.787, d =  
0.256, respectively). Epilepsy duration, however, was signifi-
cantly different between the two groups with longer duration 
of epilepsy in SF than NSF patients (Mdn: 21 versus 9 years; 
Wilcoxon, P = 0.017, d = 0.358).

Spatial distribution of spike 
discharges
The mean spike rate was 4.75 ± 3.9 spikes/min/contact with 
rates between 0.57 and 18.1 spikes/min/contact. Overall, 
there was no significant difference in spike rates between 
NSF and SF patients (non-parametric Wilcoxon test, 
P = 0.1468). In relation to brain region and SOZ, rates 
were higher in the mesial temporal SOZ of NSF than SF pa-
tients (P < 0.001; effect size η2  = 0.138; Fig. 2A), but no 

difference in lateral temporal or extra-temporal lobe SOZ 
(P = 0.212 and P = 0.546, respectively, Fig. 2A). In addition, 
mean rates were higher in the mesial temporal NSOZ of NSF 
than SF patients (P = 0.033) but with a very small effect size 
(η2 = 0.011). There was no difference in broadband spike 
power between NSF and SF patients (Fig. 2C).

Coupled spikes
In contrast to the individual spike rate, coupled spike rates be-
tween all pairs of electrode contacts were lower with a mean of 
2.56 ± 1.7 spikes/min and rates between 0 and 15.2 spikes/ 
min. Coupled rates were generally higher in NSF than SF pa-
tients, and the difference was confirmed statistically after 
transforming data to a normal distribution (see Supplementary 
Fig. 1) and adjusting for differences in inter-contact distance 
(see ‘Materials and methods’ section). Within mesial (M–-M, 
P < 0.001 and η2  = 0.195), lateral (L–L, P < 0.001 and η2  =  
0.113), and extra-temporal (E–E, P = 0.018 and η2  = 0.102) 
SOZ coupled spike rates were higher in NSF than SF (Fig. 2D). 
However, coupled rates between different regions (i.e. M–L, 
M–E and L–E) were similar in NSF and SF patients. Also, in 
the NSOZ, there was no difference in coupled rates with respect 
to region or seizure outcome. Coupled spike power showed a sig-
nificant difference between SF and NSF only when both contacts 
are in the M–M SOZ where the power of coupled spikes is higher 
in the SF patients (P = 0.002 and η2  = 0.124), but in the E–E 
SOZ, coupled spike power was higher in the NSF patients 
(P = 0.001 and η2 = 0.123; Fig. 2E).

Individual or coupled spike rates were not related to clinic-
al epilepsy parameters such as age, epilepsy duration and fre-
quency of seizures (see Supplementary Fig. 2A–C, P > 0.05). 
Also, the coupled rates were comparable between patients 
with and those without MRI lesions (Supplementary Fig. 
2D) as well as between patients who had resective surgery 
and those who had RNS (Supplementary Fig. 2E). None of 
the comparisons yielded a significant difference between 
groups (Wilcoxon, P > 0.05).

Previous studies emphasized the importance of sites with 
high spike rates to epileptogenicity and seizure outcome,6,9,13

and in the current study, the absence of differences in afore-
mentioned results could be masked by many sites with few 
or no spikes. Thus, for this reason we restricted our analysis 
to the 10% of contacts showing the highest spike rates per pa-
tient and compared the proportion of contacts that had high 
rates and high power. No significant difference was found be-
tween SF and NSF (P = 0.117, Fig. 2B, upper row), but there 
was a higher percentage of contacts in the lateral temporal 
region with high rates and power in NSF than SF patients 
(P = 0.014, Cliff’s d = 0.582, Fig. 2B, lower row).

Since we included inter-contact distance in our statistical 
model (see ‘Material and methods’ section), we further quan-
tified the effect of distance on coupled spike rates, and overall, 
we found longer inter-contact Euclidean distances were weak-
ly correlated with higher normalized coupled spike rates (|r| =  
0.282, Supplementary Fig. 3A). On an individual patient level, 
only three patients showed a moderate to strong correlation 
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(|r| > 0.5), while the majority of the patients (66.6%) showed 
weak correlation (|r| < 0.25; see Supplementary Fig. 3A colour 
bar). Likewise, longer inter-contact distances were weakly 
correlated with higher normalized coupled spike power 
(|r| = 0.168, Supplementary Fig. 3B), and each of the 37 pa-
tients had a moderate to weak correlation |r| < 0.5 (see 
Supplementary Fig. 3B, colour bar).

Propagating spike sequences
Analysis of spike propagation was performed in 30 out of the 
37 patients and 7 were excluded because spike propagation 
did not meet criteria (see ‘Spikes sequences: temporal and 
spatial clustering’ subsection in the ‘Materials and methods’ 
section). In these 30 patients, we excluded 22.6% of all 

Figure 2 Spike rates in seizure onset zone (SOZ) and different brain regions. (A) Non-normalized spike rates for different brain 
regions (M: mesial temporal, L: lateral temporal and E: extra-temporal lobe) in the SOZ (left) and non-seizure onset zone (NSOZ, right) of 
seizure-free (SF) and not seizure-free patients (NSF). Spike rates were higher in M SOZ of NSF than SF patients (*P < 0.001; effect size 
η2 = 0.138, MANCOVA). (B) Violin plots of the number of pairs of electrodes with high-coupled power and high-coupled rates (HP_HR) in 
SF and NSF patients (upper plot), and percentage of contacts pairs with high-coupled power and high-coupled spike rates with respect to M, L and 
E regions (lower plot). Note the higher percentage of contacts in L of NSF than SF patients (*P = 0.0144, Cliff’s d = 0.582, Wilcoxon), each data 
point corresponds to one patient. (C) Same as A but spike power. In A and B, each datapoint corresponds to spike rates/power of one channel. 
Check Supplementary Table 4 for exact numbers of datapoints. (D) Non-normalized coupled spike rates for channels pairs in relation to brain 
region (e.g. M–M: both channels are in M, M–L: one in M and the other in L, see Supplementary material for abbreviation list) and in SOZ, NSOZ, 
and between SOZ and NSOZ of SF and NSF patients. In M–M (*P < 0.001, η2 = 0.195, MANCOVA), L–L (*P < 0.001, η2 = 0.113, MANCOVA) and 
E–E (*P = 0.018, η2 = 0.102, MANCOVA) SOZ, coupled spike rates were higher in NSF than SF. (E) Same as panel D, but non-normalized coupled 
spike power. In M–M (*P = 0.002, η2  = 0.124, MANCOVA) and E–E (*P = 0.001, η2  = 0.123, MANCOVA), higher power in NSF than SF patients. 
The error bars represent 95% confidence interval. Bonferroni correction with n = 6 and 18 was used for individual and coupled spike rates and 
power comparisons, respectively. In D and E, each data point corresponds to either coupled rate or coupled power of a single channel pair. Check 
Supplementary Table 5 for exact numbers of datapoints.
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detected sequences due to volume conduction, which was de-
fined as spikes within 2 ms of each other or ‘ties’.12 We per-
formed multiple spike sequence analyses, adjusting the 
duration for when a spike could join a sequence (50 and 
100 ms). Results were similar between both analyses; thus, 
results are only presented for a duration of 50 ms. A mean 
of 140.2 ± 350.1 propagating sequences were detected per 
patient with a range of 7–1891 sequences.

NSF patients had a significantly higher rate of spike propa-
gation sequences (per second) than SF (Wilcoxon, P = 0.020; 
Fig. 3A) and a higher average number of spikes per sequence 
(Wilcoxon, P = 0.011; Fig. 3B) than SF patients. The average 
propagation time PT between seizure outcome groups was 
not different (Wilcoxon, P = 0.158; Fig. 3C). The average to-
tal Euclidean distance associated with all spike sequences 
was significantly longer in NSF than SF patients 
(Wilcoxon, P = 0.009; Fig. 3D). The average distance be-
tween high-rate contacts (i.e. contacts with spike rates within 
the top 10% of all contacts with spikes) and leading contacts 
to SOZ centroid did not show a significant difference with re-
spect to seizure outcome (Wilcoxon, P = 0.481 and P = 0.089; 
Fig. 3E and F, respectively).

All spikes were also clustered according to their spatial 
distribution. Thirteen patients had 2 spike clusters, 14 had 
3 clusters and 3 had 4 clusters. The distance between the 
dominant cluster (i.e. cluster with highest number of spikes) 
and the nearest SOZ contact was comparable between the SF 
and NSF patients (Wilcoxon, P = 0.354; Fig. 3I).

We calculated the percentage of the contacts that con-
tained high spike rates and initiated or lead a spike propaga-
tion sequence (or hiRL contacts). Results showed NSF 
patients had at least 37.5% hiRL contacts, but there were 
several SF patients who had a lower percentage. Overall, 
there was a significantly higher percentage of hiRL contacts 
in NSF than SF patients (Wilcoxon, P = 0.0026; Fig. 3G). 
These results were then analysed in relation to SOZ and seiz-
ure outcome where we found a higher percentage of hiRL 
contacts in the NSOZ of NSF than SF patients (P = 0.017), 
but the percentages were similar in the SOZ between out-
come groups (P = 0.342). The hiRL and spike rates in gen-
eral, in SOZ and NSOZ, were not affected by age, 
duration of epilepsy, presence of lesion or surgery type (see 
Supplementary Table 6).

Lead-downstream matrix was constructed, which quanti-
fies how often a contact is downstream appears in a spike se-
quence to each contact that leads a sequence. In general, the 
number of leading contacts and downstream contacts were 
significantly higher in NSF patients reflecting the higher num-
ber of sequences. When the leading electrode and downstream 
were in SOZ or NSOZ, NSF patients had a significantly high-
er number of leading contacts than SF patients (Wilcoxon, 
P = 0.041 and 0.043, respectively; Fig. 3K). For downstream 
contacts, there was a significant difference between SF and 
NSF only when both leading and downstream electrodes are 
in NSOZ (Wilcoxon, P = 0.036; Fig. 3L).

Lastly, we used graph theory measures on directed lead- 
downstream matrix and found global efficiency, the inverse 

of the shortest path length between contacts, was significant-
ly lower in SF than NSF patients (Wilcoxon, P = 0.014; 
Fig. 3H). The other graph theory measures of modularity, 
clustering coefficient and centrality were not statistically dif-
ferent with respect to seizure outcome.

Outcome prediction
We assessed if spike measures could predict seizure outcome 
using a feedforward machine learning algorithm. Single or 
coupled spike rates were not effective in predicting outcome. 
Bootstrapping of 30 patients that was repeated 1000 times 
resulted in confidence intervals of the AUC for single spike 
rates confidence interval (CI) = [0.510, 0.517] (see Fig. 4C) 
and for coupled spike rates CI = [0.563, 0.569] (see 
Fig. 4D). However, when the bootstrapping of 25 patients 
was used on the hiRL, the feedforward algorithm was able 
to separate seizure outcomes reasonably well with a CI for 
AUC of [0.678, 0.721] (see Fig. 4A and B).

Discussion
The current study found higher individual and coupled spike 
rates on electrode contacts chiefly in the mesial temporal 
SOZ of NSF than SF patients. There was a higher percentage 
of hiRL (i.e. electrodes with high spike rates and the first or 
leading spike of a propagated series) in the NSOZ of NSF 
than SF patients. The hiRL in the NSOZ of NSF patients con-
tained a greater number of spikes that propagated over long-
er distances and was associated with a higher global 
efficiency than SF patients. Lastly, the measure of hiRL in 
SOZ and NSOZ, but not rate of spikes, performed well in 
classifying a patient’s seizure outcome. These results suggest 
brain regions where spikes frequently propagate from could 
inform the extent of the seizure network that in some cases 
extends beyond the SOZ, and the extent of hiRL contains in-
formation that predicts whether a surgical patient will be 
seizure free.

Sources of inter-ictal and ictal 
discharges
The spatial relationship between spikes and SOZ has been 
extensively studied in patients with temporal and extra- 
temporal epilepsy.3,12,23-27 Results from these studies and 
others suggest information about spikes, such as rate or ex-
tent of spike propagation, are associated with the 
SOZ3,10,25,28 or epileptogenic zone.6,13,29 Some studies 
found spikes strongly localize the SOZ,3,30 and others 
show the rate or extent of propagation can predict seizure 
freedom.14,31 In the current study of chiefly temporal lobe 
epilepsy, we, too, found higher individual spike rates in me-
sial temporal SOZ and coupled rates in, but not between, 
brain regions of SOZ of NSF patients than SF patients. The 
latter result could be evidence of segregation in the seizure 
network, which others have found in resting state functional 
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connectivity studies and could be an adaptation of the inter- 
ictal state opposing the transition to ictus.32 While higher 
rates could indicate NSF patients had a severe form of epi-
lepsy33 that was irremediable by resection or stimulation, 
rates alone provided little prognostic value since the rate of 
individual or coupled spikes performed near chance in 

classifying seizure outcome. In contrast to rates, there were 
a significantly higher proportion of hiRL in NSF than SF pa-
tients. Recent work suggests spikes are travelling waves that 
emerge from a local source, which can be the same location 
where ictal discharges emerge from or travel to or both.10,14

Based on these previous studies and in the current work, if 

Figure 3 Comparison of spike propagation measures between seizure-free (SF) and not seizure-free (NSF) patients. Violin plots 
of the number of spike sequences per second (A; Wilcoxon, P = 0.020, Cliff’s d = 0.502), average number of spikes per sequence (B; Wilcoxon, 
P = 0.011, d = 0.547), average propagation time PT , which is the time between the occurrence of the leader spike and the last spike in the sequence 
(C), normalized Euclidean distance (t) (D; Wilcoxon, P = 0.009, d = 0.145), average normalized distance between channels with the highest 10% 
rates and the centroids of the seizure onset zone (SOZ) (E), same as panel E but for the leading channels (F), percentage of the leading contacts 
that also have high spike rates (G; Wilcoxon, P = 0.003, d = 0.649), global efficiency (inverse of shortest path length) derived from the 
leading-downstream matrix (H; Wilcoxon, P = 0.014, d = 0.392), normalized distance between dominant spike cluster (cluster that has the highest 
number of sequences) and the centroid of the SOZ (I), same as panel G, but values for SOZ and non-seizure onset zone or NSOZ (J; Wilcoxon, 
P = 0.017, d = 0.673 for NSOZ), number of leading channels with respect to the SOZ and NSOZ (K; Wilcoxon, P = 0.041, 0.043 and d = 0.781, 
0.356 for SOZ and NSOZ, respectively), and number of downstream channels in SOZ and NSOZ (L; Wilcoxon, P = 0.036 and d = 0.435 for 
NSOZ). In all plots, each datapoint corresponds to a measure from one patient. Asterisks (∗) represent significant differences between SF and NSF 
groups. n = 30 was used in all comparisons.
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the electrodes with hiRL are at or nearest the source from 
which spikes emerge, then hiRL could be associated with 
sources that generate and/or propagate ictal discharges. We 
did find hiRL were associated with the clinical SOZ of all pa-
tients, but more were found in the NSOZ of NSF than SF pa-
tients. These results indicate in many of the NSF patients, 
some hiRL could be near sources that generate ictal dis-
charges, which were unidentified during the invasive EEG 
test, and the tissue surrounding electrodes with hiRL needs 
to be remove, disconnected or stimulated to control sei-
zures.14 Consistent with this hypothesis was the result that 
the extent of hiRL in the SOZ and NSOZ was informative 
and could accurately classify seizure outcome (AUC =  
0.699). This performance is comparable in accuracy to other 
methods predicting seizure outcome based on spike-related 
measures like cross rates of spikes and high-frequency oscil-
lations (80–500 Hz),34 rate of spikes with preceding gamma 
activity,35 spatiotemporal dynamics of spikes36 and spike 
networks.13 Also, supporting the aforementioned hypothesis 

are a series of EEG-fMRI studies of temporal and extra- 
temporal epilepsy that show regions with the maximum 
haemodynamic response are often the source where spikes 
originate,26 the maximum haemodynamic response often lo-
calizes the SOZ37 and complete removal of regions with the 
maximal haemodynamic response was found in SF patients, 
and resected volumes lacking the maximum response were 
more often found in NSF patients.38 Collectively, the current 
and previous studies highlight the translational implications 
of detecting sources of spikes that could help inform the seiz-
ure network.

Study design considerations
Readers of the current results should consider the patient 
sample size (n = 18 SF and n = 19 NSF) and differences be-
tween groups with respect to duration of epilepsy, which 
was longer in SF than NSF patients. If we assume a longer 
duration of epilepsy contributes to higher spike rates, then 

Figure 4 Receiver operating characteristic (ROC) curves to predict seizure outcome. (A) Histogram of area under curve (AUC) 
values for 1000 iterations of the feedforward model using high-rate leaders (hiRL) to predict seizure outcome. Each iteration used a leave-one-out 
method where 24 randomly selected patients were used to train and 1 patient was used to test the model. (B) ROC curve illustrating one 
iteration, which had an AUC value of 0.7143. (C and D) Same as panel A but using individual (C) and coupled spike rates (D). In these analyses, the 
leave-one-out method used 29 randomly selected patients to train and 1 patient to test the model. The confidence interval (CI) is shown besides 
each histogram.
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SF patients should have higher rates than NSF; yet, the op-
posite was found in the current study. Moreover, there was 
no correlation between duration of epilepsy and rates in re-
lation to SOZ. In 11 patients, we could confirm resection of 
the SOZ using post-surgical MRI (see Supplementary Fig. 4) 
and in the remaining patients, we had to rely upon collected 
tissue specimens documented in the pathology report and 
the neurosurgeon’s notes as evidence the SOZ was removed, 
which might not be as accurate as MRI. Although the major-
ity of patients had resective surgery, there were eight patients 
(three seizure free, five not seizure free) who received VNS or 
RNS treatment, which could affect the time course of seizure 
control and thus seizure outcome. If we consider seizure out-
come to correspond with how much of SOZ was resected or 
treated, then there was no difference in outcomes between pa-
tients who had surgery versus those who had VNS or RNS 
(Fisher’s exact test, two-tailed, P = 0.430). Another import-
ant consideration is analysis used 10-min inter-ictal record-
ings early in the patient’s evaluation, which was intended to 
reduce factors that could affect the rate and spatial distribu-
tion of spike and potentially mask results (see ‘Materials 
and methods’ section).12,39 Also, hiRL were not found in all 
patients with temporal lobe epilepsy (7 out of 37), especially 
those who had low spike rates and <5 spike propagation se-
quences. This proportion of patients is similar to a previous 
study of temporal and extra-temporal epilepsy that used 

longer recordings,12 though future work on hiRL should as-
sess longer duration recordings to determine whether these 
methods could be applied to more, if not all, patients with 
temporal lobe epilepsy. Lastly, our study and others like it 
are limited by the electrode coverage that could miss portions 
of the seizure network or contribute to some electrodes mis-
labelled as spike leaders that were actually downstream 
from an unsampled source.

Do spikes play a role in seizure 
recurrence?
Studies show inter-ictal and ictal discharges are differentially 
affected by state of vigilance and anti-seizure medication,39-42

suggesting these are distinct epileptiform phenomena gener-
ated by different mechanisms.1 Furthermore, it appears spikes 
have little influence on seizure occurrence,41,43-45 and several, 
but not all,46 studies indicate higher rates correlate with poor 
seizure outcome in temporal lobe epilepsy.6,33,47 Based on 
these data and current results it is reasonable to ask what 
role, if any, could hiRL play in seizure recurrence after sur-
gery? This study nor others like it provide no direct evidence; 
however, recent work shows there are variable sources gener-
ating spikes and ictal discharges,10,48 and as previously noted 
sources of spikes are often the same location where ictal dis-
charges emerge from or propagate to, which could be due 

Figure 5 A high-rate leader (hiRL)-dominated spike network that could support seizures. (A) A schematic illustrating a hypothesized 
spike network in seizure-free patients. In the seizure onset zone (SOZ, area shaded light red), there are many hiRL (circles with yellow halo) and in 
non-SOZ (NSOZ, area shaded blue), a single hiRL is represented. Regions that lead or are downstream in spike sequences are denoted by orange- 
and green-filled circles. The number of regions that generate or propagate spikes and the number of hiRL affects the efficiency of the network. The 
path between regions 1 and 2 (arrows highlighted in red) is disrupted if the SOZ is removed or treated. (B) Same as A but for not seizure-free 
patients. There are many hiRL that can lead or are downstream in spike sequences. Unlike the single path between regions 1 and 2 in seizure-free 
patient in panel A, there are multiple paths for spike propagation between regions 1 and 2 in not seizure-free patients, and removal of the SOZ only 
disrupts one path, while alternative paths remain for spike propagation (arrows highlighted in green).
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to a combination of hyper-excitability and lower seizure 
threshold that facilitates spike sources to be recruited during 
a seizure.14 Despite evidence for segregation in the SOZ, our re-
sults show regions with hiRL generate spikes that could be a 
leader during one propagated sequence and downstream dur-
ing another sequence, and there were more hiRL with this 
dual functionality in the NSOZ of NSF than SF patients 
(Fig. 5A and B). This feature of hiRL could an effective mechan-
ism that actively propagate spikes and could explain the higher 
global efficiency of propagation in NSF than SF patients (Fig. 
2H). If we assume the seizure network contains brain regions 
where seizure begin and spread, and the hiRL co-localize with 
the seizure network, then in many surgical patients with few 
hiRL, removing or disconnecting all or most of the SOZ elimi-
nates seizures. However, in some patients with many hiRL, the 
same therapy does not control seizures because there is an ex-
tensive and efficient hiRL-dominated network beyond the 
SOZ that can support the generation and spread of seizures.

Conclusion and future work
Accurate localization of the brain regions responsible for gener-
ating seizures and prediction of response to therapy are import-
ant to improve treatment of epilepsy. The current work shows 
the extent of hiRL could inform the location of the seizure net-
work, which can include more than the clinical SOZ, and can 
predict seizure outcome after resective surgery or stimulation. 
We believe there are different types of spikes with different func-
tionality in and outside the seizure network, and future work 
characterizing spikes and slow wave features, investigating 
the neuronal basis of spikes, and correlation between spikes 
other electrophysiological disturbances such as pathological 
high-frequency oscillations could help to classify spikes and 
their function(s) with respect to the seizure network.
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online.
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