
Network Analysis of Preictal iEEG Reveals Changes
in Network Structure Preceding Seizure Onset
Stefan Sumsky 

University of Connecticut Health Center
L. John Green�eld  (  green�eld@uchc.edu )

University of Connecticut Health Center

Article

Keywords: intracranial EEG, network model, betweenness centrality, pre-ictal

Posted Date: April 22nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1558867/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1558867/v1
mailto:greenfield@uchc.edu
https://doi.org/10.21203/rs.3.rs-1558867/v1
https://creativecommons.org/licenses/by/4.0/


Network Analysis of Preictal iEEG Reveals  

Changes in Network Structure Preceding Seizure Onset 

 

 

Stefan Sumsky and L. John Greenfield, Jr.* 

Department of Neurology, 

University of Connecticut, Farmington, CT 06070 

 

 

Word Count:  

Abstract: 200 

Introduction: 498 

Results: 1906 

Discussion: 1656 

Methods: 1711 

Total print text excluding abstract, methods, references & figure legends: 4074 

Figures:  6 

Supplementary Tables:  2 

Supplementary Figures: 1 

References:  61 

 

*Address correspondence to: 

L. John Greenfield, Jr., MD, PhD 

Department of Neurology, UConn Health  

263 Farmington Avenue 

Farmington, CT 06030-5357  

Office: 860-679-3186 Fax: 860-679-6555  

greenfield@uchc.edu   



2 
 

Abstract  

 

Objective:  Seizures likely result from aberrant network activity and synchronization.  Changes 

in brain network connectivity may underlie seizure onset. We used a novel method of rapid 

network model estimation from intracranial electroencephalography (iEEG) data to characterize 

pre-ictal changes in network structure prior to seizure onset.  

Methods: We analyzed iEEG data from 20 patients from the iEEG.org database.  Using 10 

second epochs sliding by 1 second intervals, a multiple input, single output (MISO) state space 

model was estimated for each output channel and time point with all other channels as inputs, 

generating sequential directed network graphs of channel connectivity. These networks were 

assessed using degree and betweenness centrality. 

Results: Both degree and betweenness increased at seizure onset zone (SOZ) channels 37.0 ± 2.8 

seconds before seizure onset. Degree rose in all channels 8.2 ± 2.2 seconds prior to seizure onset, 

with increasing connections between the SOZ and surrounding channels.  Interictal networks 

showed low and stable connectivity. 

Significance: A novel MISO model-based network estimation method identified changes in brain 

network structure just prior to seizure onset. Increased connectivity was initially isolated within 

the SOZ and spread to non-SOZ channels before electrographic seizure onset.  Such models 

could help confirm localization of SOZ regions. 

 

 

Key Words:  intracranial EEG, network model, betweenness centrality, pre-ictal 
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Introduction 

 The need to accurately identify the seizure onset zone (SOZ) for epilepsy surgery has led 

to intense interest in characterizing the SOZ and mechanisms of seizure initiation and 

propagation. Mapping of the epileptic network shows promise as a powerful tool for 

understanding these processes and could help target tissues for resection to ensure a seizure-free 

outcome with the least damage to normal brain function.  

Functional epileptic networks represent time-dependent connections between neuronal 

populations that have been damaged, malformed, or functionally misconnected, rendering the 

brain vulnerable to seizure generation or spread. Early studies characterized the structure of the 

seizure network as highly synchronous1–3, but more recent work provides evidence that more 

complex changes in the brain network structures may be critical to seizure generation.4–9    

Most prior investigations of dynamic brain networks have used functional connectivity 

techniques such as correlation or cross-correlation, coherence, phase synchronization, phase-

slope, or Granger causality. Of these approaches, only cross-correlation and Granger causality 

can provide directed connectivity, and all of them are dependent on shared signal properties in 

the time or frequency domains10,11. This contrasts with effective connectivity, which produces 

models with connections that are not merely directed, but causal in nature. Information about 

directed causal influence in brain networks may be critical to understanding how seizures arise 

and propagate12,13. Existing methods of estimating effective connectivity are often problematic 

for electrophysiological brain recordings. For example, dynamic causal modeling requires 

advanced Bayesian selection of a prior model14,15, while structural equation modeling is 

inherently unstable when applied to time series data16. Neither method is suitable for 

investigating the effective network properties at seizure onset.  
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In this study, we propose a novel methodology for effective network estimation that 

utilizes multiple-input-single-output (MISO) state-space modeling of electrophysiological data 

from intracranial electroencephalographic (iEEG) recordings. This modeling approach allows the 

capture of the dominant multi-region network dynamics underlying the observed iEEG activity 

by directed network identification from short (10 s) recording epochs, enabling study of the 

temporal evolution of the seizure network and the directed flow of information within that 

network. We measured changes in degree centrality (DC, the number of connections at a given 

node), and betweenness centrality (BC, the number of shortest paths through a given node)17.  

These measures quantify the level of interconnectivity in the network and the extent to which 

specific nodes are critical to signal spread and information flow, both of which have high 

relevance for understanding seizure dynamics and can inform models of seizure mechanisms. In 

this instance, network nodes are the electrode contacts of intracranial electrodes, representing the 

loci of summed local field potentials at that site, and edges represent the anatomical and 

physiological interconnections with other neuronal regions (nodes). We examined the 

dependence of the signal at each node on the signal present at every other node, and how that 

dependence changes over time.  Our results indicate a succession of directed network state 

changes just prior to the electrographic seizure onset, which suggest a pattern of underlying 

physiological changes associated with seizure initiation.   

 

Results 

Network Analysis 

For each of the 143 seizures studied, 120 seconds of iEEG data immediately prior to 

seizure onset were divided into 120 ten-second epochs using a sliding 1 second window and used 
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to estimate sequential directed preictal network structures.   Similar networks were subsequently 

generated for the continuous interictal data (excluding the period two hours before and after each 

seizure) for all patients using the same process for comparison.  

The directed nature of the estimated network structures was used to investigate changes 

in connectivity over the preictal time period. From 120 to about 40 seconds prior to seizure 

onset, there was low overall degree centrality (DC, the number of connections made to each 

node, Fig 1A). Subsequent analysis of the entire interictal period (excluding the 2 hours before 

and after each seizure) demonstrated no significant difference in DC compared to that seen 

during the -120 to -40 second time points (see below).  At about -40 seconds and after, SOZ 

contacts show progressively increasing DC, rising above the range of prior interictal SOZ 

connectivity, and also higher than PSZ and NSZ contacts for all time points from about -40 s 

until seizure onset.  During the final 10 seconds of the preictal period, there is an additional 

change in network connectivity, as PSZ and NSZ contacts also increase DC significantly above 

their interictal values (shown at greater time resolution in Fig. 1C).   

Similarly, betweenness centrality (BC, the number of shortest paths through each node, 

Fig. 1B), is significantly higher in SOZ nodes at the time points from about -40 to about -10 s 

relative to SOZ during the interictal state, and higher than all PSZ and NSZ nodes during the 

same approximate -40 to -10 s time period, suggesting a distinct network state. There are then 

increases in BC for the other contacts: BC values at PSZ and NSZ contacts become significantly 

higher than interictal about 10 seconds prior to seizure onset (Fig 1D). This apparent spread of 

increased connectivity from SOZ to PSZ and NSZ nodes around 10 seconds prior to seizure 

onset suggested a second distinct preictal state that differed from interictal levels.  Hence,  
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Figure 1: Preictal network centrality 2 minutes prior to seizure onset. Models were generated 

using a sliding 10 second window at 1 second intervals. A. Average degree centrality (DC) of 

preictal SOZ (mean = red dots and solid line, +/- standard deviation (SD) in lighter red) PSZ 

(orange dots and solid line, SD in lighter orange) and NSZ (blue dots and solid line, SD in lighter 

blue). Symbols appear at the onset of the reported period.  The period from -50 second to seizure 

onset is shown at greater resolution in part C.    B.  Betweenness centrality (BC) for the same 

period and contact groups, shown at greater resolution in part D.  E.  Transition time between 

network connectivity states determined by shifting the 10 s epoch by 1 s intervals for each 

seizure to determine the epoch when degree centrality was 1 standard deviation above the 

previous state value.  The increase in SOZ BC (SOZ ) occurred at -37.0 ± 2.8 s (mean ± SD, 

median -37 s), and the change at NSZ nodes (PSZ/NSZ ) occurred at -8.2 ± 2.2 s (median -8 s).    

Boxes show 25th to 75th %ile around the median; whiskers are at 5% and 95%. Elevations in DC 

and BC were significant (Kruskal Wallis with post-hoc Dunn’s test, p<0.05) for at most points 
for SOZ after the first transition and for PSZ and NSZ after the second transition, but are not 

shown for clarity. 

---------------------------------------------------------------------------------------------------- 

preliminary network analysis of the 2 minute period prior to seizure onset revealed 3 time 

periods with differing connectivity properties consistent with distinct preictal network states:   
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1)  the period from -120 to about -40 seconds, unchanged from the interictal state,  

2) from -40 to about -10 seconds, when the SOZ network increases connectivity, while 

PSZ and NSZ contacts remain unchanged, and  

3) from about -10 seconds until seizure onset, when PSZ and NSZ networks increase 

connectivity.  

 To determine with greater specificity the transition time points when these changes 

occur, we determined for each seizure the epoch in which BC value was 1 standard deviation 

(SD) above the previous state value, which was considered the state transition time, and then 

averaged these times across seizures to determine the transition mean and SD.  Betweenness was 

used since the changes in this parameter appeared more robust and consistent than DC for early 

changes. The transition from connectivity levels prior to -40 s to those seen in SOZ nodes after -

40 s occurred at -37.0 ± 2.8 s (mean ± SD, median -37 s), and the change in connectivity at PSZ 

and NSZ nodes after -20 s occurred at -8.2 ± 2.2 s (median -8 s, Fig 1E).  These transition time 

points were used in all subsequent analyses.  For convenience, we have labeled the -120 to -38 

second epoch “Interictal,” since BC and DC did not differ from interictal values more distant 

from seizure onset (see below). We labeled the network state after the first state transition “SOZ 

” and the state after the second state transition “PSZ/NSZ ”.  

To assess the consistency of the changes in network interconnections within each putative 

time-dependent state, we determined the mean and range of DC (plotted as box and whiskers, 

Fig. 2A) and BC (Fig. 2B) for each of the three identified network states by averaging the 

network values at each 1 second time point within the putative states.  For the interictal period, 

we included the entire interictal record modeled at 1 second intervals to ensure that there were no 

periods in which DC rose above the threshold seen in the immediate (-120 to -38 s) preictal  
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Figure 2:  Network centrality 

measures during preictal states.  

A) Average degree centrality 

(DC) of SOZ, PSZ, and NSZ 

channels during the interictal 

state, the state from -37 seconds 

to -9 seconds  (after SOZ  and 

prior to PSZ/NSZ labeled 

SOZ), and the state from -8 

seconds until -1 second before 

seizure onset (after PSZ/NSZ ).  

B) Average betweenness 

centrality (BC) for the same 

channel groups during the same 

periods before seizure. The 

interictal data for both plots 

include the entire interictal 

period (excluding the 2 hours 

before and after a seizure), and 

were unchanged from the -120 to 

-39 s period.  Boxes represent 

25th to 75th percentile; whiskers 

represent minimum and 

maximum values. Asterisks 

denote significant difference by 

Kruskal Wallis test with post-

hoc Dunn’s test (***p<0.001, 
**p<0.01, *p<0.05). 

 

 

period. There were only small differences in DC or BC connectivity between SOZ, PSZ or NSZ 

during the entire interictal period, and the range of DC and BC interictal values for all points at 

SOZ contacts did not overlap with the range during the SOZ  period (in Fig. 2, the “whiskers” 

represent the entire range of values).  In the SOZ epoch, both DC and BC were significantly 

elevated at SOZ electrodes (p<0.001) relative to interictal SOZ and to PSZ and NSZ electrodes at 

the same time period.  PSZ contacts had slightly but significantly (p<0.05) higher DC than in the 

interictal period, though BC at PSZ contacts was unchanged.  NSZ contacts had no change in 
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either DC or BC relative to interictal values.  In thePSZ/NSZ  epoch, DC at the SOZ contacts 

was significantly (p<0.001) higher than in the SOZ epoch (or the interictal period), and there 

were now significant increases in DC at the PSZ and NSZ contacts (both p<0.001 relative to 

interictal). BC at SOZ contacts in thePSZ/NSZ  epoch was also significantly elevated relative 

to interictal, but not significantly higher than in the SOZ epoch.  BC was also elevated in the 

PSZ/NSZ  epoch at PSZ (p< 0.001) and NSZ (p<0.05) contacts relative to interictal.  The 

consistency of network centrality characteristics within each of these defined periods, and their 

significant differences in DC and BC relative to the interictal period, confirm that they represent 

3 distinct time-dependent preictal states.    

The shifts in connectivity measured by BC or DC were also consistent at the individual 

seizure level.  During the interictal period (both continuously modeled interictal data and the 

period from -120 to -38 s), there was no significant difference in DC between SOZ, PSZ, and 

NSZ contacts for any subject or seizure, nor any significant increase in SOZ, PSZ, or NSZ 

contacts during the entire interictal period associated with physiological events (e.g. arousals 

from sleep).  During SOZ phase, DC rose significantly at SOZ channels in 138 of 143 (96.5%) 

seizure events (p < 0.05).  In the PSZ/NSZ  epoch, DC remained elevated or increased further 

in SOZ channels in 143 of 143 seizures (100%)  and also increased significantly in both PSZ and 

NSZ channels in 136 of 143 seizures (95.1%, p<0.05).   

Similarly, BC at SOZ contacts in the SOZ epoch increased significantly (p<0.05) in 

141 of 143 seizures (98.6%). In the PSZ/NSZ  phase, BC in PSZ nodes increased significantly 

in 132 of 143 seizures (92.3%), and BC in NSZ nodes showed an overall qualitative increase, 

which was significant in 120 out of 143 seizure events (83.9%).  As with DC, there was no 

similar increase in BC in SOZ, PSZ, or NSZ contacts at any interictal time period.  
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To assess the possible functional role of these network changes in seizure onset, we asked 

whether connecting edges were located within the assigned node group (SOZ, PSZ or NSZ) or 

directed outward to nodes in one of the other groups.  For each seizure, at every contact in the 

SOZ, PSZ, and NSZ groups, and at each of the 3 time periods, we labeled each connection as 

either intergroup or intragroup and determined the proportion of intergroup and intragroup 

connections for each node.  During the interictal state, a significantly (p<0.001) higher 

proportion of SOZ connections were within their group (77.8 ± 5.3% for SOZ compared to 62.2 

± 3.5% of PSZ and 68.4 ± 4.2% of NSZ contact connections), suggesting relative isolation of 

SOZ from PSZ and NSZ brain regions (Fig. 3A). During the SOZ  period, the increase in 

connectivity among SOZ nodes is almost completely within SOZ, with intragroup connections 

significantly (p <0.001) increased to 91.0 ± 5.2% of SOZ connections, while PSZ (69.7 ± 4.2%) 

and NSZ (72.6 ± 5.3%) remained relatively stable.  This suggests increased isolation of SOZ 

from PSZ and NSZ nodes as connectivity in the SOZ increased.  In the PSZ/NSZ  period, the 

proportion of intragroup connections dropped dramatically, as SOZ and PSZ/NSZ electrodes 

became more broadly interconnected, with 51.3 ± 4.2% of SOZ, 36.6 ± 4.2% of PSZ, and 40.4 ± 

5.0% of NSZ connections occurring within their group.  Note that this increase in 

interconnection of SOZ and NSZ nodes occurred before the onset of electrographic seizure, not 

due to recruitment of PSZ/NSZ contacts during the seizure or resulting from electrographic 

seizure activity.   

To identify the direction of influence or driving behavior within the network, we 

examined how the proportion of incoming vs outgoing directed connections at each node 

changed as a seizure approached.  Incoming and outgoing connections are largely balanced in all 

three node location groups during the interictal state (Fig. 3B).  During the SOZ  phase, the  
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Figure 3:   A. Average percentage of 

intragroup network connections for each 

seizure over time in SOZ, PSZ and NSZ 

nodes during interictal, SOZ , and 

PSZ/NSZ  periods before seizure. 

Average percentage is reported as mean 

(solid bars) ± standard deviation (SD). 

Asterisks denote significant difference 

determined with Kruskal Wallis (p<0.05) 

with post-hoc Dunn’s test.   B.  
Percentage of incoming vs outgoing 

directed network connections over time 

for SOZ, PSZ and NSZ channels during 

interictal, SOZ , and PSZ/NSZ  

periods prior to seizure. Percent of 

incoming and outgoing connections is 

reported as mean, with hashed bars 

showing outgoing connections. Asterisks 

denote significant difference by Kruskal 

Wallis (p<0.05) with post-hoc Dunn’s 
test. 

 

 

 

proportion of outgoing connections in SOZ increases significantly (from 61.5 ± 3.2% to 80.5 ± 

5.9%, p<0.001), as a result of slightly decreased inputs from the surrounding PSZ and NSZ 

nodes as well as a decrease in their percent contribution relative to total SOZ connectivity, 

indicating increasing isolation of SOZ. Upon entering the PSZ/NSZ  phase, there is a further 

significant increase in outgoing connections in SOZ nodes (to 85.5 ± 4.9%, p<0.001), while 

significant increases in incoming connections occur in the PSZ (from 46.8 ± 5.5 to 70.3 ± 6.5%, 

p <0.001) and NSZ (from 43.0 ± 5.0% to 58.5 ± 7.8%, p<0.001) nodes. Together with the 

changes in intragroup-directed connectivity seen in Fig. 3A, this suggests that changes in  
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incoming vs outgoing node connections during the PSZ/NSZ   phase are driven by increased 

outgoing connectivity from or through hub nodes in SOZ.   

A reduced connectivity model (using only the strongest 1% of connections rather than the 

5% cut-off used in our analytical models) enables visualization of these network connections 

superimposed on the labeled grid for a single sample patient in each of the 3 putative network 

states (Fig.  4).  During the interictal period (Fig. 4A) there is sparse overall connectivity with 

 

 

 

 

Figure 4:  Directed graph visualization of network 

changes during the 3 preictal phases within 2 

minutes of seizure onset for a single patient, 

mapped onto the patient’s grid placement diagram. 
Model shows only the top 1% strongest 

connections for clarity.  SOZ electrodes are 

highlighted in red, PSZ in orange, and all others 

(NSZ) left uncolored. Red arrows represent 

directed connections. A.  Interictal connectivity 

graph shows low baseline connectivity and isolated 

connection clusters.  B.  During the SOZ  phase (-

37 to -9 seconds) there is increased connectivity 

among SOZ contacts with sparse connections to 

outlying clusters.  C. During the PSZ/NSZ  phase 

(-8 s prior to seizure onset), greatly increased 

connectivity spreads to involve non-SOZ contacts. 

 

 

 

 

no particular relationship between SOZ, PSZ or NSZ. In the SOZ  phase (Fig. 4B), 

interconnectivity within the SOZ intensifies, without affecting PSZ or NSZ regions. In the 
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PSZ/NSZ  phase (Fig. 4C), the intensified connectivity “breaks out” from the SOZ and spreads 

to PSZ and NSZ nodes, in the final 8 seconds prior to seizure onset.  

To determine whether these network structural changes were associated with specific 

EEG frequency characteristics, we also examined the frequency components of SOZ, PSZ, and 

NSZ electrode activity, measuring power in the canonical (8-13 Hz alpha, 13-25 Hz beta, 4-7 Hz 

theta, < 4 Hz delta) frequency bands during each network state. Significant differences in power 

between node location groups or interictal and preictal periods were only seen in the delta and 

gamma frequency bands.  As shown in Fig. 5A, SOZ contacts had significantly higher delta band  

 

 

Figure 5:   Regional canonical power 

band changes over time. A) Average log 

(delta power) of SOZ, PSZ and NSZ 

channels during Interictal, SOZ  and 

PSZ/NSZ  periods before seizure. B) 

Average log (gamma power) of SOZ, 

PSZ and NSZ channels during the same 

periods before seizure. Average is 

reported as mean (solid bars) +/- S.D. 

(vertical bars). Asterisks denote 

significant difference relative to the 

interictal period for the same electrode 

region.  Significant difference 

determined with ANOVA (p<0.05). 

 

 

 

 

 

power than both PSZ and NSZ contacts in the SOZ  and PSZ/NSZ  periods (p <  0.05), with 

PSZ delta power significantly increased over prior levels in the PSZ/NSZ  period (p<0.05, Fig 
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5A).  Gamma band power was significantly elevated at SOZ contacts in the PSZ/NSZ  period 

(p<0.05), with smaller but significant gamma power increases at PSZ and NSZ contacts (p<0.05, 

Fig. 5B) during this period.   

 

Discussion 

In this study, we analyzed dynamic network changes in the epileptic human brain over 

the 2 minute period just prior to seizure onset in drug-resistant patients undergoing intracranial 

EEG monitoring. We hypothesized that the degree of network connectivity within the clinically 

defined SOZ and its connection to the surrounding tissue would vary significantly during the 

transition to a preictal state just prior to seizure onset.  We implemented a novel application of 

multiple input, single output (MISO) state space modelling to identify meaningful predictive 

connections between brain regions with short duration epochs of iEEG recording, allowing a fine 

resolution estimation of network structure evolution over time. Network structure changes were 

assessed using graph theoretical tools measuring degree of interconnectedness and the extent to 

which information flow in the brain is dependent on specific nodes of the network. We found 

that the brain network transitions through 3 distinct states as a seizure approaches, and that the 

characteristics of those states are internally consistent until transition to the next state occurs (see 

diagram in Fig 6).  For interictal periods, both more than 2 hours before and after a seizure and 

up to 1 minute prior to seizure onset, gross network structure remained consistent with low and 

stable DC and BC connectivity, hence we classified both temporally removed epochs and the 

period up to about 40 seconds prior to seizure onset as the Interictal state. From 40 seconds prior  
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Figure 6:  Diagram of Preictal network state changes and the characteristics associated with each 

state. In this figure and the Discussion, we refer to the SOZ  state as the “Isolated SOZ 
Hyperconnectivity” phase, and the PSZ/NSZ  state as the “Preictal Recruitment” phase.  
 

to seizure onset until electrographic seizure detection, we observed two distinct network-state 

changes. First, a “transitional state” occurs with significantly increased degree and betweenness 

connectivity within SOZ, paired with a reduction in the proportion of connections from PSZ and 

NSZ to SOZ nodes and an increase in outgoing connections from SOZ. This suggests an 

internally generated increase in connectivity in the SOZ, relatively isolated from PSZ and NSZ 

influence, which begins to be directed outward but initially does not affect connectivity levels in 

these regions.  At the same time, betweenness centrality in SOZ increased significantly and 

stably, suggesting that within SOZ itself certain “superhub” nodes are becoming more critical.  

Due to the increase in internal connectivity and relative isolation of SOZ, we now refer to this 

period as the “Isolated SOZ Hyperconnectivity” state (Fig 6).  Ictal activity was not detected at 

the macroscopic level at this time point, but asynchronous microseizures might explain the 

increased connectivity within smaller neuronal assemblies.  The network changes within this 
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state represent alterations in the functional network properties that are associated with, and hence 

may predispose toward, seizure onset, though the specific physiological events that cause them 

are uncertain. These changes persist until about 8 s before the clinically determined 

electrographic seizure onset, at which time there is a second state change.  At this time, in all 

patients and most seizures, degree connectivity significantly increased for all recording nodes, 

and the proportion of connections between SOZ and surrounding regions increased significantly, 

with the majority of these new connections being directed connections from SOZ to PSZ and 

NSZ.  We will now refer to this period as the “Pre-ictal Recruitment” state (Fig. 6).  When the 

development of increased network connectivity projects out of SOZ and induces 

hyperconnectivity in PSZ and NSZ nodes, this appears to provide the necessary conditions for 

seizure onset and the subsequent appearance of electrographic seizure activity on clinical EEG.  

Additionally, these changes in network structure are associated with changes in the power 

of specific EEG frequency bands, with SOZ delta power increasing in the Isolated SOZ 

Hyperconnectivity period and both delta and gamma power in the Preictal Recruitment period. 

Increased delta power in SOZ could indicate increasing synchrony of neuronal “up” and “down” 

states18 (as seen in slow wave sleep) and related to the synchronous GABAergic potentials that 

have been observed prior to seizure onset19.  The transition from Isolated SOZ Hyperconnectivity 

to Preictal Recruitment might thus correlate with the failure of “inhibitory restraint” of 

epileptiform activity that occurs at seizure onset20.  The increase in gamma band power in SOZ 

has previously been observed just prior to seizure onset21–25, and may have particular 

significance due to its potential to alter synaptic strength via short- or long-term potentiation26–29, 

which might explain the spread of connectivity from SOZ to PSZ and NSZ nodes.   
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Surprisingly, the changes in network structure that extend to PSZ and NSZ electrodes 

occur before the onset of the electrographic seizure, not during the seizure event as might be 

assumed based on the clinical EEG.  This may seem contradictory to evidence at both 

macroscopic30–32 and microscopic33,20 levels as well as mathematical models34 demonstrating 

recruitment of epileptiform activity associated with seizure spread early in the course of a focal 

seizure.  However, connectivity changes may reflect the creation of network connections 

sufficiently strong to allow the propagation of seizure activity, prior to the onset of actual 

epileptiform activity.  This putative mechanism is remarkably consistent with the model 

proposed by Wenzel et al.35 in which seizures originate as hyperactive local neuronal ensembles 

within the initiation site (SOZ) which then engage larger areas in a saltatory fashion until the 

activity breaks into neighboring cortex, where it can be detected electrophysiologically as a local 

field potential. They proposed a two-step model for the progression of focal seizures in which 

neuronal ensembles first generate microseizures, followed by widespread neural activation in a 

traveling wave through neighboring cortex during “macro” (EEG electrographic) seizures.  The 

“traveling wave” of seizure activity observed in both microscopic33 and macroscopic20 iEEG 

recordings may thus be propagated within the medium of increased connectivity established 

before the seizure begins.  Since only macroscopic iEEG was available for the patients reported, 

we cannot address this hypothesis directly, but application of MISO models to microelectrode 

grid data might provide additional insight into seizure onset mechanisms.  

An important contribution of this study is the network state transition explanation for 

seizure onset.  Pathological activity begins in the SOZ, triggering a state change to a transitional 

state in which SOZ local activity becomes increasingly dependent on the activity of adjacent 

nodes and isolated from the rest of the brain. In this isolated state, local SOZ dependence 
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intensifies, producing high interconnectivity and, ultimately, localized hyper-synchronization. 

This state builds in intensity, suggesting an underlying intrinsic driving process within SOZ.  

When this process reaches a critical point, a second state transition occurs, which we have 

termed the pre-ictal recruitment state. It then spreads outward, overwriting normal activity and 

manifesting as an electrographic seizure. Notably, this spread of dependence is detectable before 

clinically identifiable electrographic evidence, suggesting a network and pattern driven process, 

rather than a simple electrical “overwrite” or “recruitment” of independent rhythmic activity into 

the evolving rhythm of the seizure. This result contrasts with approaches that have focused on 

specific frequencies36–40, voltages41–45, or pathological46–48 causes, though the differences in delta 

and gamma power between SOZ and PSZ/NSZ contacts do suggest the possibility that certain 

frequency components may be involved.  Because the patient pool for this study contains 

multiple different pathologies and etiologies, yet produces consistent results across all subjects, it 

is reasonable to suggest that while there may be a diverse array of dysfunctions that lead to the 

initial isolation of SOZ and generation of pathological activity, the process of focal seizure 

initiation and propagation may have consistent network-driven characteristics in many patients 

with focal epilepsy. In most cases, SOZ is also a region that generates interictal spike 

discharges49–51, associated with localized hyperexcitability due to recurrent excitation or loss of 

recurrent inhibition52–55, processes that could drive increased localized network connectivity56.  

However, the mechanisms underlying the observed network state transitions remain unclear.   

From a clinical perspective, the high betweenness centrality (BC) of particular nodes 

within the SOZ indicates that a given node is critical to the information flow within the network. 

In the case of the isolated network identified in SOZ, our results suggest that BC within SOZ 

may be linked to hyperexcitable cortex necessary for seizure initiation and could potentially be 
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used to target “seizure critical” or “superhub” nodes57 to maximize successful surgical outcomes 

with a smaller resected volume, or for stimulation using deep brain or responsive 

neurostimulation. Additionally, the dramatic changes in SOZ networks prior to seizure onset 

suggest an independent strategy for identification of SOZ nodes, which might be useful in 

surgical planning.  This finding also implies that isolation of a local cortical network from 

surrounding networks may play a role in epileptogenesis.  Further work is necessary to address 

these possibilities.  

Several limitations of this study should be noted.  The inclusion of patients who 

experienced both successful and unsuccessful surgeries as subjects raises potential issues 

regarding channel identification, since unsuccessful surgery suggests the possibility that channels 

may have been misidentified as non-SOZ resulting in lack of a surgical cure.  Inclusion of 

“actual” SOZ channels in the PSZ or NSZ group could result in the “contamination” of the PSZ 

groups with channels better described as SOZ, or vice versa, despite the apparent lack of a 

significant overlap in results from SOZ and PSZ. However, given the robust findings of our 

analysis, the effect of such contamination appears to have been minimal. Moreover, a seizure 

free outcome does not guarantee that all of SOZ was resected; surgery may simply have 

eliminated critical nodes necessary for seizure initiation. Future investigations of pre-ictal 

network changes should evaluate a broader variety of patients and seizure localizations, 

including separate analysis of patients with unsuccessful surgeries. We did not stratify interictal 

EEG samples by patient state (wake vs. sleep) when the degree of network synchronization may 

differ, which might have altered network constructs, though our analysis of extended interictal 

EEG failed to identify any other physiologic events associated with similar increases in 
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connectivity.   Additionally, this analysis cannot be extended to generalized epilepsies, for which 

the underlying mechanisms may be quite different.   

In summary, we find that two distinct network connectivity state changes occur in the 

final minute prior to the onset of focal seizures.  This evidence suggests that seizure onset is 

associated not only with hyperexcitability and hypersynchrony, but also a third “H,” 

hyperconnectivity.   

 

Methods 

Dataset 

 All methods were carried out in accordance with relevant guidelines and regulations. 

Twenty de-identified patients with drug-resistant epilepsy from the National Institutes of 

Neurological Disease and Stroke iEEG Portal (https://www.ieeg.org/)58 were included in this 

study. Information about the patients’ epilepsy etiology, iEEG recording setup, and surgical 

outcome are reported in Supplementary Table 1.  Patients were selected based on three criteria, 

(i) a clinical report available on the iEEG Portal with information about the epilepsy etiology, 

type of seizure, and the clinically determined SOZ59,60; (ii) minimum duration of two continuous 

days of multichannel iEEG recording; and (iii) consistent sampling rate to enable homogenous 

analysis. All iEEG recordings were sampled at 512 Hz and patients were monitored for 2 to 7 

consecutive days. The clinically determined SOZ channels were as marked by the original board-

certified epileptologist who managed the patients, and were used as the standard for channel 

classification, irrespective of surgical outcome.   Electrode contacts on the same grid, depth or 

strip electrode that were adjacent to SOZ electrodes were analyzed as peri-SOZ (PSZ), to assess 

changes in sampled brain regions neighboring the SOZ.  All other electrode contacts were 
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considered non-SOZ (NSZ). When more than one intracranial investigation was performed, only 

the final electrode placement and associated seizures were analyzed. A small number of seizures 

were excluded as too brief (<15 s) for analysis.  

 Patient reports on the iEEG Portal describe a variety of seizure localizations and 

etiologies. Four patients had seizure onset within the temporal lobe, 5 in temporal lobe plus other 

neocortical regions, and 11 had extra-temporal epilepsy (10 frontal, 1 parietal). Eleven of 20 

were left-hemisphere. Seven had a known etiology (3 meningitis, 3 traumatic brain injury, 1 

dysplasia) and 13 had cryptogenic epilepsy.  3382 hours of continuous iEEG recordings were 

analyzed, an average of 169.1 ± 100.4 h (mean ± S.D.) per patient (min: 48 h; max: 314 h).  

Depth, strip and grid electrodes were placed according to the clinical hypothesis, with an average 

of 79.9 ± 17.2 electrode contacts per patient (range 52 – 104, see Supplementary Table S1 and 

Fig. S1).  Assignments of electrodes to SOZ, PSZ and NSZ categories are listed in 

Supplementary Table S2. A total of 143 seizures were analyzed, an average of 7.2 ± 6.2 per 

patient (range 1 - 26 events). The clinically determined SOZ spanned an average of 8.15 ± 3.56 

electrode contacts per patient (median = 7), which correspond to an average of 10.2 ± 3.9% of 

the number of electrode contacts per patient. An average of 12.75 ± 5.24 electrodes per patient 

were designated as Peri-SOZ (PSZ, 15.69±5.78%).   Twelve patients underwent epilepsy 

surgery, of whom 8 became seizure-free (Engel or ILAE Class 1 outcomes), 3 had significant 

improvement (ILAE Class 4) and one had no improvement (ILAE Class 5). 

 

EEG Analysis 

 Preprocessing and Network Estimation. Individual iEEG time series were processed by 

60 Hz notch filtering, band-pass filtering between 0.5 Hz and 256 Hz with a 10th order Butterworth 
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filter, and common average mode montage correction. For each seizure event, as identified from 

clinical notes, the two minutes prior to seizure was divided into a series of 120 ten-second epochs 

advanced with a sliding 1 second window for analysis. To ensure that other physiological events 

(e.g. arousals from sleep) did not also alter network structures, the entire interictal record for all 

patients (excluding the periods from 2 hours before to 2 hours after each seizure) was analyzed 

using the same method, a total of 163,082 distinct models covering 453 hours or 18.9 days of 

recording. For each epoch, a directed network graph was estimated using multi-input, single-output 

state space models.  

Temporal Evolution of EEG series.  

To estimate the epileptogenic functional network and quantify changes in the network 

connectivity over time, we envisioned the iEEG time series 𝑦𝑘(𝑡) at any contact k, with k=1, 2, 3, 

…, N, as the output of a dynamical system driven by the activity at all iEEG contacts. We modeled 

each contact as a linear time-invariant multi-input, single-output system: �̇�𝑘 = 𝐀𝑘𝐱𝑘(𝑡) + 𝐁𝑘𝐘(𝑡)𝑦𝑘(𝑡) = 𝐂𝑘𝐱𝑘(𝑡) + 𝑒𝑘(𝑡)      (1) 

where 𝐱𝑘(𝑡) is a m-dimensional column that captures the internal state of the brain region 

sampled by the iEEG contact k at time t, 𝐘(𝑡) is the 1 × 𝑁 row vector of iEEG samples at time t 

(one sample per contact), 𝑒𝑘 is measurement noise (assumed to be a Gaussian process with zero-

mean), and matrices 𝐀𝑘 (size: 𝑚 × 𝑚), 𝐁𝑘 (size: 𝑚 × 𝑁), and 𝐂𝑘 (size: 1 × 𝑚) are parameters to 

be estimated.  

The estimation of parameters (𝐀𝑘, 𝐁𝑘, 𝐂𝑘) was conducted separately for every iEEG 

contact k during each epoch using a least-squares method with QR factorization for multiple values 

of m using a cross-validation method, i.e., for each epoch and iEEG contact, parameters were 

estimated on 80% of the iEEG time series of interest and the goodness-of-fit of the resultant model 
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was measured on the remaining 20% (test data). A model was accepted and estimated parameters 

were used if the residuals 𝑦𝑘(𝑡) − 𝐂𝑘𝐱𝑘(𝑡) estimated for the test data passed the test for whiteness 

and independence at 95% confidence (p<0.05). Since the size m of the internal state 𝐱𝑘(𝑡) 

determines the complexity of model (1), and high values of m may result in data overfitting, we 

finally chose m by minimizing the average Akaike Information Criterion (AIC)61 index estimated 

across all iEEG contacts, epochs, and conditions. Models of identical size were used for every 

contact, epoch, or condition, facilitating comparison while preventing overfitting.   

Evaluation of B Matrices to Determine Network Connectivity. 

 Parameters for the MISO SS model are found by iterative minimization of next-step prediction 

error, resulting in a model that accurately represents the electrographic behavior of the system 

based on its internal state matrix 𝐀𝑘, previous timepoint activity 𝐱𝑘(𝑡), and the weighted 𝐁𝑘 

influence of the activity at all other electrodes 𝐘(𝑡). We then can interrogate relationships in the 

system by examining the parameter matrices. In particular, the input matrix 𝐁𝑘 represents a set 

of weighting factors that describes the extent to which next-step k+1 activity at the given 

electrode is dependent on the activity of corresponding entries in the input vector 𝐘(𝑡). It follows 

that high magnitude values in the input matrix 𝐁𝑘 are associated with specific input vectors 

(activity at other electrodes) that have a high degree of influence on the electrographic output at 

the given channel. From this, we can infer that these channels have a significant causal/driving 

connection to the given output channel. This relationship can be expressed as a simple network 

of directed connections to that channel. We then repeat the MISO SS model estimation for each 

iEEG channel independently, resulting in a set of simple, single sink networks capturing the 

causal connections to that sink, the output channel of interest. By combining each output channel 

network into a unified network that includes all of the sampled channels, we can fully capture the 
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directed causal connections in the recorded area, producing an effective connectivity network for 

a given time point. By iterating this process over time, we generate a time-varying effective 

network, which can be quantified at each time point by graph theoretical analysis.  

For every condition, matrices 𝐁𝑘, k=1, 2, 3,…, N in (1) were used to define the connectivity 

between contacts and retrieve the current functional network. Specifically, the Euclidean norm 𝑏𝑘𝑗 ≜ ‖𝐛𝑘,𝑗‖2 of column vector 𝐛𝑘,𝑗 measured the magnitude of the influence of contact j on the 

activity (or the internal state driving the activity) at contact k and was used as a measure of the 

functional connectivity from j to k (𝑗 → 𝑘). Similarly, 𝑏𝑗𝑘 was used as a measure of the functional 

connectivity from contact k to contact j (𝑘 → 𝑗) and resulted in 𝑏𝑗𝑘 ≠ 𝑏𝑘𝑗. The 𝑁 × 𝑁 matrix �̂� ={𝑏𝑖𝑗}1≤𝑖,𝑗≤𝑁 was non-symmetric and defined the oriented graph that characterizes the brain network 

captured by the magnitude of directed influence 𝑏𝑘𝑗. Sequential 10-second windows sliding at 1 

second intervals were used to estimate �̂� matrices for the two minute periods prior to each seizure 

event (120 separate models per seizure) and additional models were estimated at 1 second intervals 

for the entire interictal period excluding the two hours before and after each seizure. Matrices �̂� 

were pruned of nonsignificant elements by computing the sample probability distribution function 

of values 𝑏𝑘𝑗 across all matrices �̂� for all patients and retaining those values above the 95th 

percentile, while the remaining values were set to zero. After pruning, matrices �̂� were generally 

sparse and retained strong links between nodes, with a clear indication of the nodes that drove the 

network evolution in each condition. Larger values of 𝑏𝑘𝑗 indicate a larger influence of the 

corresponding node.  Relative changes in connection strength between nodes were not assessed, 

since only strong connections were included in final connectivity graphs.  

Network Analysis. The topology of the oriented networks was used to assess the effects of 
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the approaching seizure on network structure. The topology was quantified using two metrics: 

degree centrality (DC) and betweenness centrality (BC). DC and BC measure the average density 

of connections to a node (DC) and the number of hubs in the network (BC), respectively. 

Accordingly, higher values of DC or BC indicate networks whose nodes are more densely 

connected (DC) or networks whose nodes are largely connected through a handful of nodes (i.e., 

hubs) that receive many connections and project onto many nodes (BC), respectively. Using the 

directed nature of the connections estimated with our method, we calculated the proportion of 

connections that were incoming vs outgoing from each node, separated by channel group, to 

identify changes in whether a group was driving or being driven by the activity of other nodes.  

Additionally, to determine whether observed state changes were associated with overt changes in 

the EEG frequencies recorded at SOZ or other electrodes, we used Fast Fourier Transform (FFT) 

to analyze power of canonical frequency bands at SOZ nodes vs PSZ and NSZ nodes during three 

preictal time periods found to have distinct network characteristics suggesting differing network 

states, as reported below.    

Statistical Analysis. Statistical differences for DC and BC were determined using the 

nonparametric Kruskal-Wallis test with Dunn’s multiple comparisons post-hoc testing and 

rejected at the 95% confidence level (p<0.05), where the preceding epoch/control epoch and 

contact type (SOZ or NSZ) were the variables. Preprocessing routines, model estimation, 

network, and classification analysis were computed in MATLAB, ver. 2021b (Mathworks, 

Natick, MA), with additional statistical analysis and figures produced using Prizm 5.0 (Graphpad 

Software, San Diego, CA). 

  



26 
 

References 

1.  Blume WT. Clinical intracranial overview of seizure synchrony and spread. Can J Neurol Sci J Can Sci 
Neurol. 2009 Aug;36 Suppl 2:S55-57.  

2.  Kuhlmann L, Freestone D, Lai A, Burkitt AN, Fuller K, Grayden DB, et al. Patient-specific bivariate-
synchrony-based seizure prediction for short prediction horizons. Epilepsy Res. 2010 Oct;91(2–
3):214–31.  

3.  Misra A, Long X, Sperling MR, Sharan AD, Moxon KA. Increased neuronal synchrony prepares 
mesial temporal networks for seizures of neocortical origin. Epilepsia. 2018 Mar;59(3):636–49.  

4.  Avoli M. Mechanisms of Epileptiform Synchronization in Cortical Neuronal Networks. Curr Med 
Chem. 2014;21(6):653–62.  

5.  de Campos BM, Coan AC, Lin Yasuda C, Casseb RF, Cendes F. Large‐scale brain networks are 
distinctly affected in right and left mesial temporal lobe epilepsy. Hum Brain Mapp. 2016 
Sep;37(9):3137–52.  

6.  Gong C, Zhang X, Niu Y. Identification of epilepsy from intracranial EEG signals by using different 
neural network models. Comput Biol Chem. 2020 Jun 19;87:107310.  

7.  Hassan M, Merlet I, Mheich A, Kabbara A, Biraben A, Nica A, et al. Identification of Interictal 
Epileptic Networks from Dense-EEG. Brain Topogr. 2017 Jan;30(1):60–76.  

8.  Haneef Z, Lenartowicz A, Yeh HJ, Engel J, Stern JM. Effect of lateralized temporal lobe epilepsy on 
the default mode network. Epilepsy Behav EB. 2012 Nov;25(3):350–7.  

9.  González Otárula KA, von Ellenrieder N, Cuello-Oderiz C, Dubeau F, Gotman J. High frequency 
oscillation networks and surgical outcome in adult focal epilepsy. Ann Neurol [Internet]. Available 
from: https://onlinelibrary.wiley.com/doi/abs/10.1002/ana.25442?af=R 

10.  Bastos AM, Schoffelen J-M. A Tutorial Review of Functional Connectivity Analysis Methods and 
Their Interpretational Pitfalls. Front Syst Neurosci [Internet]. 2016 [cited 2022 Apr 10];9. Available 
from: https://www.frontiersin.org/article/10.3389/fnsys.2015.00175 

11.  Cao J, Zhao Y, Shan X, Wei H, Guo Y, Chen L, et al. Brain functional and effective connectivity based 
on electroencephalography recordings: A review. Hum Brain Mapp. 2022;43(2):860–79.  

12.  Yaffe RB, Borger P, Megevand P, Groppe DM, Kramer MA, Chu CJ, et al. Physiology of functional 
and effective networks in epilepsy. Clin Neurophysiol Off J Int Fed Clin Neurophysiol. 2015 
Feb;126(2):227–36.  

13.  van Mierlo P, Höller Y, Focke NK, Vulliemoz S. Network Perspectives on Epilepsy Using EEG/MEG 
Source Connectivity. Front Neurol [Internet]. 2019 [cited 2022 Apr 10];10. Available from: 
https://www.frontiersin.org/article/10.3389/fneur.2019.00721 

14.  Friston KJ. Functional and effective connectivity: a review. Brain Connect. 2011;1(1):13–36.  



27 
 

15.  Steen FVD, Almgren H, Razi A, Friston K, Marinazzo D. Dynamic causal modelling of fluctuating 
connectivity in resting-state EEG. NeuroImage [Internet]. Available from: 
https://www.sciencedirect.com/science/article/pii/S1053811919300552?dgcid=rss_sd_all 

16.  Schultzberg M, Muthén B. Number of Subjects and Time Points Needed for Multilevel Time-Series 
Analysis: A Simulation Study of Dynamic Structural Equation Modeling. Struct Equ Model 
Multidiscip J. 2018 Jul 4;25(4):495–515.  

17.  Newman ME. Networks. Second. Oxford University PRess; 2018.  

18.  Nir Y, Staba RJ, Andrillon T, Vyazovskiy VV, Cirelli C, Fried I, et al. Regional slow waves and spindles 
in human sleep. Neuron. 2011 Apr 14;70(1):153–69.  

19.  Uva L, Breschi GL, Gnatkovsky V, Taverna S, de Curtis M. Synchronous inhibitory potentials precede 
seizure-like events in acute models of focal limbic seizures. J Neurosci Off J Soc Neurosci. 2015 Feb 
18;35(7):3048–55.  

20.  Schevon CA, Weiss SA, McKhann G, Goodman RR, Yuste R, Emerson RG, et al. Evidence of an 
inhibitory restraint of seizure activity in humans. Nat Commun. 2012;3:1060.  

21.  Jacobs J, Zelmann R, Jirsch J, Chander R, Châtillon C-É, Dubeau F, et al. High frequency oscillations 
(80–500 Hz) in the preictal period in patients with focal seizures. Epilepsia. 2009 Jul;50(7):1780–92.  

22.  Worrell G, Gotman J. High-frequency oscillations and other electrophysiological biomarkers of 
epilepsy: clinical studies. Biomark Med. 2011 Oct;5(5):557–66.  

23.  Jacobs J, Staba R, Asano E, Otsubo H, Wu JY, Zijlmans M, et al. High-frequency oscillations (HFOs) in 
clinical epilepsy. Prog Neurobiol. 2012 Sep 1;98(3):302–15.  

24.  Staba RJ, Stead M, Worrell GA. Electrophysiological Biomarkers of Epilepsy. Neurotherapeutics. 
2014 Apr;11(2):334–46.  

25.  Scott JM, Gliske SV, Kuhlmann L, Stacey WC. Viability of Preictal High-Frequency Oscillation Rates 
as a Biomarker for Seizure Prediction. Front Hum Neurosci. 2020;14:612899.  

26.  Bragin A, Engel J, Wilson CL, Fried I, Mathern GW. Hippocampal and Entorhinal Cortex High-
Frequency Oscillations (100–500 Hz) in Human Epileptic Brain and in Kainic Acid-Treated Rats with 
Chronic Seizures. Epilepsia. 1999 Feb 1;40(2):127–37.  

27.  Bragin A, Wilson CL, Engel J. Chronic epileptogenesis requires development of a network of 
pathologically interconnected neuron clusters: a hypothesis. Epilepsia. 2000;41 Suppl 6:S144-152.  

28.  Beenhakker MP, Huguenard JR. Neurons that fire together also conspire together: is normal sleep 
circuitry hijacked to generate epilepsy? Neuron. 2009 Jun 11;62(5):612–32.  

29.  Buzsáki G. Hippocampal sharp wave-ripple: A cognitive biomarker for episodic memory and 
planning. Hippocampus. 2015 Oct;25(10):1073–188.  



28 
 

30.  Alarcon G, Guy CN, Binnie CD, Walker SR, Elwes RD, Polkey CE. Intracerebral propagation of 
interictal activity in partial epilepsy: implications for source localisation. J Neurol Neurosurg 
Psychiatry. 1994 Apr;57(4):435–49.  

31.  Schiller Y, Cascino GD, Busacker NE, Sharbrough FW. Characterization and Comparison of Local 
Onset and Remote Propagated Electrographic Seizures Recorded with Intracranial Electrodes. 
Epilepsia. 1998;39(4):380–8.  

32.  Wendling F, Chauvel P, Biraben A, Bartolomei F. From Intracerebral EEG Signals to Brain 
Connectivity: Identification of Epileptogenic Networks in Partial Epilepsy. Front Syst Neurosci 
[Internet]. 2010 Nov 25 [cited 2019 Feb 22];4. Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2998039/ 

33.  Schevon CA, Ng SK, Cappell J, Goodman RR, McKhann G, Waziri A, et al. Microphysiology of 
epileptiform activity in human neocortex. J Clin Neurophysiol Off Publ Am Electroencephalogr Soc. 
2008 Dec;25(6):321–30.  

34.  Liou J-Y, Smith EH, Bateman LM, Bruce SL, McKhann GM, Goodman RR, et al. A model for focal 
seizure onset, propagation, evolution, and progression. eLife. 2020 Mar 23;9:e50927.  

35.  Wenzel M, Hamm JP, Peterka DS, Yuste R. Acute Focal Seizures Start As Local Synchronizations of 
Neuronal Ensembles. J Neurosci Off J Soc Neurosci. 2019 Oct 23;39(43):8562–75.  

36.  Tao JX, Chen X-J, Baldwin M, Yung I, Rose S, Frim D, et al. Interictal regional delta slowing is an EEG 
marker of epileptic network in temporal lobe epilepsy. Epilepsia. 2011 Mar 1;52(3):467–76.  

37.  Nariai H, Matsuzaki N, Juhász C, Nagasawa T, Sood S, Chugani HT, et al. Ictal high-frequency 
oscillations at 80–200 Hz coupled with delta phase in epileptic spasms. Epilepsia. 52(10):e130–4.  

38.  Guirgis M, Chinvarun Y, Carlen PL, Bardakjian BL. The role of delta-modulated high frequency 
oscillations in seizure state classification. In: 2013 35th Annual International Conference of the 
IEEE Engineering in Medicine and Biology Society (EMBC). 2013. p. 6595–8.  

39.  Inoue T, Kobayashi K, Oka M, Yoshinaga H, Ohtsuka Y. Spectral characteristics of EEG gamma 
rhythms associated with epileptic spasms. Brain Dev. 2008 May 1;30(5):321–8.  

40.  Weiss SA, Lemesiou A, Connors R, Banks GP, McKhann GM, Goodman RR, et al. Seizure localization 
using ictal phase-locked high gamma. Neurology. 2015 Jun 9;84(23):2320–8.  

41.  Bragin A, Wilson CL, Engel J. Voltage Depth Profiles of High-frequency Oscillations after Kainic Acid-
induced Status Epilepticus. Epilepsia. 2007;48(s5):35–40.  

42.  de Curtis M, Gnatkovsky V. Reevaluating the mechanisms of focal ictogenesis: The role of low-
voltage fast activity. Epilepsia. 2009 Dec;50(12):2514–25.  

43.  Chu CatherineJ, Chan A, Song D, Staley KJ, Stufflebeam SM, Kramer MA. A semi-automated 
method for rapid detection of ripple events on interictal voltage discharges in the scalp 
electroencephalogram. J Neurosci Methods. 2017 Feb 1;277:46–55.  



29 
 

44.  Gotman J. Not Just Where, But How Does a Seizure Start? Epilepsy Curr. 2019 Aug;19(4):229–30.  

45.  Lagarde S, Buzori S, Trebuchon A, Carron R, Scavarda D, Milh M, et al. The repertoire of seizure 
onset patterns in human focal epilepsies: Determinants and prognostic values. Epilepsia. 2019 
Jan;60(1):85–95.  

46.  Perucca P, Dubeau F, Gotman J. Intracranial electroencephalographic seizure-onset patterns: 
effect of underlying pathology. Brain J Neurol. 2014 Jan;137(Pt 1):183–96.  

47.  Curtis MD, Librizzi L, Uva L, Gnatkovsky V. GABAA receptor-mediated networks during focal seizure 
onset and progression in vitro. Neurobiol Dis [Internet]. Available from: 
https://www.sciencedirect.com/science/article/pii/S0969996118307460?dgcid=rss_sd_all 

48.  Avoli M, de Curtis M, Gnatkovsky V, Gotman J, Köhling R, Lévesque M, et al. Specific imbalance of 
excitatory/inhibitory signaling establishes seizure onset pattern in temporal lobe epilepsy. J 
Neurophysiol. 2016 Jun 1;115(6):3229–37.  

49.  Frauscher B, Gotman J. Sleep, oscillations, interictal discharges, and seizures in human focal 
epilepsy. Neurobiol Dis [Internet]. Available from: 
https://www.sciencedirect.com/science/article/pii/S0969996119300014?dgcid=rss_sd_all 

50.  Cortical substrates of scalp EEG epileptiform discharges. - PubMed - NCBI [Internet]. [cited 2019 Jul 
1]. Available from: https://www.ncbi.nlm.nih.gov/pubmed/17414965 

51.  Selvitelli MF, Walker LM, Schomer DL, Chang BS. The relationship of interictal epileptiform 
discharges to clinical epilepsy severity: A study of routine EEGs and review of the literature. J Clin 
Neurophysiol Off Publ Am Electroencephalogr Soc. 2010 Apr;27(2):87–92.  

52.  Avoli M. Inhibition, oscillations and focal seizures: An overview inspired by some historical notes. 
Neurobiol Dis [Internet]. Available from: 
https://www.sciencedirect.com/science/article/pii/S0969996119301299?dgcid=rss_sd_all 

53.  Fan D, Duan L, Wang Q, Luan G. Combined Effects of Feedforward Inhibition and Excitation in 
Thalamocortical Circuit on the Transitions of Epileptic Seizures. Front Comput Neurosci [Internet]. 
2017 Jul 7 [cited 2019 Oct 9];11. Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5500624/ 

54.  Darmani G, Bergmann TO, Zipser C, Baur D, Müller‐Dahlhaus F, Ziemann U. Effects of antiepileptic 
drugs on cortical excitability in humans: A TMS&#x2010;EMG and TMS&#x2010;EEG study. Hum 
Brain Mapp [Internet]. Available from: 
https://onlinelibrary.wiley.com/doi/abs/10.1002/hbm.24448?af=R 

55.  Leung H, Zhu CXL, Chan DTM, Poon WS, Shi L, Mok VCT, et al. Ictal high-frequency oscillations and 
hyperexcitability in refractory epilepsy. Clin Neurophysiol. 2015 Nov 1;126(11):2049–57.  

56.  Warren CP, Hu S, Stead M, Brinkmann BH, Bower MR, Worrell GA. Synchrony in normal and focal 
epileptic brain: the seizure onset zone is functionally disconnected. J Neurophysiol. 2010 
Dec;104(6):3530–9.  



30 
 

57.  Hadjiabadi D, Lovett-Barron M, Raikov IG, Sparks FT, Liao Z, Baraban SC, et al. Maximally selective 
single-cell target for circuit control in epilepsy models. Neuron. 2021 Aug 18;109(16):2556-
2572.e6.  

58.  Azarion AA, Wu J, Pearce A, Krish VT, Wagenaar J, Chen W, et al. An open-source automated 
platform for three-dimensional visualization of subdural electrodes using CT-MRI coregistration. 
Epilepsia. 55(12):2028–37.  

59.  Proposal for Revised Clinical and Electroencephalographic Classification of Epileptic Seizures. 
Epilepsia. 22(4):489–501.  

60.  Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French J, Guilhoto L, et al. ILAE Classification of 
the Epilepsies Position Paper of the ILAE Commission for Classification and Terminology. Epilepsia. 
2017 Apr;58(4):512–21.  

61.  Akaike H. A new look at the statistical model identification. IEEE Trans Autom Control. 1974 
Dec;19(6):716–23.  

 

Acknowledgements   

This work was supported by the University of Connecticut School of Medicine and the 

Connecticut Institute for the Brain and Cognitive Sciences.  We thank those who uploaded their 

patient intracranial EEG data to the iEEG portal (https://www.iEEG.org) and the NIH, 

University of Pennsylvania and Mayo Clinic for supporting the iEEG portal.  We also thank Dr. 

Sabato Santaniello for expert advice and review of the manuscript. 

 

Author Contributions 

S.S. designed and implemented the network analysis method, analyzed the data, prepared figures 

and wrote the first draft of the paper.  L.J.G. assisted with revised analyses, edited the paper and 

created additional figures.  

 

Data Availability Statement 

All data analyzed for this paper is publicly available on the iEEG Portal (https://www.ieeg.org/).  

https://www.ieeg.org/


31 
 

 

Additional Information and Competing Interests Statement 

We confirm that we have read the Journal’s position on issues involved in ethical publication and 

affirm that this report is consistent with those guidelines. 

Neither of the authors has any conflict of interest to disclose.   



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

NetworkAnalysisofPreictaliEEGSumskyGreen�eldSciRepSupplementalTablesFig.docx

https://assets.researchsquare.com/files/rs-1558867/v1/4f08a1833b5e7d4ca106f380.docx

