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Abstract

Objective: In patients with medically refractory focal epilepsy, stereotactic-electro-

encephalography (SEEG) can aid in localizing epileptogenic regions for surgical treatment. SEEG, 

however, requires long hospitalizations to record seizures, and ictal interpretation can be 

incomplete or inaccurate. Our recent work showed that non-directed resting-state analyses may 

identify brain regions as epileptogenic or uninvolved. Our present objective is to map 

epileptogenic networks in greater detail and more accurately identify seizure-onset regions using 

directed resting-state SEEG connectivity.

Methods: In 25 patients with focal epilepsy who underwent SEEG, 2 minutes of resting-state, 

artifact-free, SEEG data were selected and functional connectivity was estimated. Using standard 

clinical interpretation, brain regions were classified into four categories: ictogenic, early 
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propagation, irritative, or uninvolved. Three non-directed connectivity measures (mutual 

information [MI] strength, and imaginary coherence between and within regions) and four directed 

measures (partial directed coherence [PDC] and directed transfer function [DTF], inward and 

outward strength) were calculated. Logistic regression was used to generate a predictive model of 

ictogenicity.

Results: Ictogenic regions had the highest and uninvolved regions had the lowest MI strength. 

Although both PDC and DTF inward strengths were highest in ictogenic regions, outward 

strengths did not differ among categories. A model incorporating directed and nondirected 

connectivity measures demonstrated an area under the receiver-operating characteristic (ROC) 

curve (AUC) of 0.88 in predicting ictogenicity of individual regions. The AUC of this model was 

0.93 when restricted to patients with favorable postsurgical seizure outcomes.

Significance: Directed connectivity measures may help identify epileptogenic networks without 

requiring ictal recordings. Greater inward but not outward connectivity in ictogenic regions at rest 

may represent broad inhibitory input to prevent seizure generation.

Keywords

focal epilepsy; functional connectivity; intracranial EEG; localization; prediction

1 | INTRODUCTION

Epilepsy affects approximately 50 million persons worldwide, with one-third of patients 

resistant to anti-epileptic medications.1 Fortunately, many patients with medically refractory 

focal epilepsy may be surgical candidates.2 Favorable surgical outcomes rely on accurate 

identification of seizure-onset and propagation networks.3 Stereo-electroencephalography 

(SEEG) is a minimally invasive method used to identify regions for surgical intervention, 

using intracerebral electrodes to measure ictal/interictal brain activity.4,5 Recently SEEG 

utilization has increased rapidly outside Europe.6–8 After SEEG implantation, patients are 

monitored in the hospital for days/weeks, often using medication wean, sleep deprivation, 

electrical stimulation, and/or other interventions to induce seizures. Potential limitations 

include incomplete/inaccurate interpretation of ictal origin, failure to capture all seizure 

types, triggering atypical seizure types, and prolonged hospitalizations.9,10 Resting-state 

network analysis methods may supplement clinical interpretation by defining epileptogenic 

networks without requiring ictal recordings, and methods are currently being explored.11–14

We recently analyzed resting-state SEEG in a small cohort, using alpha-band imaginary 

coherence to estimate functional connectivity.15 We found that epileptogenic structures 

demonstrated higher connectivity than nonepileptogenic regions, and connectivity measures 

may predict epileptogenicity with modest accuracy.15 Beyond small sample size, one 

limitation is that information may be lost using dichotomized regional classification, without 

considering other areas involved in seizure networks.14,16 Although imaginary coherence is 

a linear measurement,17 it is unknown if nonlinear, information theorybased connectivity 

may demonstrate improved accuracy in identifying epileptogenic regions. Furthermore, it is 

unclear if higher connectivity at epileptogenic regions is inward and/or outward, and if 

directed connectivity measurements may improve our ability to predict epileptogenicity.15 

Narasimhan et al. Page 2

Epilepsia. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The present study builds upon our prior study,15 and now seeks to better characterize both 

nondirected and directed connectivity in regions throughout the epilepsy network using 

brief, resting-state SEEG recordings in patients with focal epilepsy. We will evaluate 

differences between ictogenic, early propagation, irritative, and uninvolved brain regions. 

Ultimately, we aim to optimize resting-state SEEG connectivity measures to help accurately 

identify surgical targets, supplement traditional clinical interpretation, and improve patient 

care.

2 | METHODS

2.1 | Subjects

Twenty-five patients with medically refractory focal epilepsy were included in this study, 

including 15 individuals from our prior study.15 Patients had video monitoring and SEEG 

recordings obtained at Vanderbilt University Medical Center (VUMC) between 2017 and 

2019. This investigation was approved by VUMC Institutional Review Board, and informed 

written consent was obtained from patients. Demographics and characteristics were recorded 

by the treating epileptologists (Table 1). Following these recordings, at the time of analyses, 

22 patients received surgical epilepsy treatment. Three patients either declined surgical 

therapy or were pending scheduling. Postoperative seizure outcome was determined at last 

follow-up for 21 patients who had ≥12 months of follow-up. Outcomes were assessed using 

Engel classification scale18 for patients who received resection, or percent decrease in 

seizure frequency for individuals who underwent responsive neurostimulation (RNS) 

placement.

2.2 | Data collection and preprocessing

Electrode trajectories were planned by treating physicians according to standard clinical care 

at VUMC using CRAnialVault Explorer (CRAVE; Vanderbilt University, Nashville, 

Tennessee).19 SEEG electrodes (Ad-Tech, or PMT Corporation) were implanted using 

stereotactic technique (Table 1). A JE-209 clinical EEG system (Nihon Kohden America) or 

Quantum Amplifier EEG system (Natus) was used to record 20 minutes of interictal data at 

a sampling rate of 0.5 or 1 kHz (all data was band-pass filtered 1–119 Hz, below Nyquist 

frequency, prior to analyses). Recordings occurred during eyes-closed resting-state, defined 

by Raichle.20

As in our prior work, raw SEEG data were preprocessed.15 Raw signal was band-pass 

filtered (1–119 Hz) and notch filtered (60 Hz) in EEGLab (https://sccn.ucsd.edu/eeglab/

index.php). Anatomical magnetic resonance imaging (MRI) registered with computerized 

tomography (CT) post-implantation of SEEG with CRAVE was used to exclude electrode 

contacts outside the brain, completely in white matter, or in cerebrospinal fluid. Anatomical 

location of remaining electrodes in gray matter was assigned using Harvard-Oxford Atlas 

(Harvard Center of Morphometric Analysis). Channels with artifacts were removed.21 Per 

patient, we identified a continuous 120-second segment of resting-state SEEG data for 

analysis. A 2-minute data segment was chosen to be long enough for stable functional 

connectivity measurements, yet short enough to avoid artifacts/interictal spikes. In previous 

SEEG work,15 we compared 2, 5, and 10-minute data segments and observed similar 
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connectivity results. In addition, EEG connectivity analyses by others have demonstrated 

stability of various functional networks using 2-minute data segments,22 and 

magnetoencephalography (MEG) connectivity analysis using similar measure also reveal 

that 1–2 minute data segments can be used to produce reliable connectivity results.23

All connectivity analysis was performed on 25, 2-minute segments, with one segment used 

per patient. All connectivity analyses were performed on the entirety of the 2-minute 

segment. Using FieldTrip MATLAB toolbox (http://www.fieldtriptoolbox.org/), electrodes 

were referenced with bipolar montage.24 Therefore, all connectivity metrics were calculated 

on electrode contact pairs. Although overlapping pairs within a region were used, contact 

pairs straddling two regions were excluded from analysis.

Epileptogenicity of brain regions sampled by SEEG was classified using all clinical SEEG, 

prior to connectivity analysis. Two classification schemes were used. We first used a binary 

classification method where regions were labeled as epileptogenic or non-epileptogenic.15 

This designation was based on Luders and colleagues.25,26 We utilized a four-category 

classification scheme to evaluate epileptic network in greater detail, and other recent groups 

have also designated nonbinary classifications.11 Bartolomei et al27 referred to epileptic, 

propagation, and noninvolved networks. Here, we classified regions as ictogenic, early 

propagation, irritative, or uninvolved. Areas of clear seizure onset were considered ictogenic. 

Early propagation regions demonstrated rapid spread of ictal activity within ~10 seconds of 

seizure onset, and are often targeted surgically when safe.3 Structures where interictal 

epileptiform spike activity was noted, but did not demonstrate ictal onset or rapid spread, 

were labeled as irritative. All other brain regions were classified as uninvolved.

2.3 | Functional connectivity measurements

Three nondirected measurements were calculated from resting-state SEEG, including mutual 

information (MI) strength and two measures based on alpha-band imaginary coherence. 

Unlike coherence, MI does not assume data linearity.28,29 MI is derived from information 

theory; MI quantifies to what extent uncertainty about a given stimulus is reduced by 

accounting for a single trial of a neural response. Generally, MI quantifies shared 

dependence between two signals. MI was calculated using FieldTrip per electrode contact 

pair using all frequency bands using Direct Method to avoid assuming probability 

distribution shape,28 and quadratic extrapolation was used as bias correction. MI strength 

was calculated across electrode contact pairs, and then averaged across electrode contact 

pairs within each brain region per patient. Three-dimensional representations of MI strength 

in individual patients were visualized using BrainNet Viewer.30

We also calculated two nondirected measures based on imaginary coherence. We defined 

“within” imaginary coherence as mean alpha-band (8–12 Hz) imaginary coherence of 

electrode contact pairs within a brain region to other electrode contact pairs within the same 

region.15 Conversely, we defined “between” imaginary coherence as mean alpha-band 

imaginary coherence between electrode contact pairs in a given brain structure and electrode 

contact pairs in all other areas sampled. Unlike coherence, imaginary coherence analysis 

minimizes artifact/volume conduction effects by ignoring zero-time lag signals.31 In 

addition, test-retest reliability for imaginary coherence is high in alpha-band, likely due to 
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alpha EEG peak in awake resting-state.11 In our previous study, we measured connectivity in 

delta, theta, and alpha bands, and found that connectivity differences in epileptogenic 

regions were present in all bands, but most prominent in alpha-band.15 Thus we focused on 

alpha-band here.

To evaluate directed connectivity, we measured partial directed coherence (PDC) and 

directed transfer function (DTF) in alpha-band. These measures have been utilized in 

previous electrographic studies of human epilepsy networks.32–35 Both PDC and DTF are 

based on Granger causality prediction modeling, which evaluates the ability to predict a 

time-varying signal based on previous information in another time-varying signal.36,37 When 

prior values of one signal improve prediction of a second signal beyond prior values of the 

second signal alone, the temporal precedence infers causality. According to their 

mathematical definitions, PDC is rescaled with respect to the region that sends a signal, 

whereas DTF is rescaled with respect to the region that receives a signal.37 Both metrics are 

relatively resistant to volume-conduction influences.36 Because multiple time series were 

evaluated per patient, a multivariate autoregression model was first performed on 

preprocessed SEEG data with an order of 10. This order was selected based on results of a 

previous investigation that evaluated multiple multivariate models with orders between 2 and 

22,38 and 10 is also the recommended FieldTrip default. Then inward and outward strengths 

for both PDC and DTF were calculated per electrode contact pair. Final values of MI, PDC, 

and DTF strengths were normalized within each patient. Electrode contact pair strengths 

were averaged per brain region per patient.

2.4 | Statistical analyses and modeling

We used the Anderson-Darling test to determine if connectivity values were normally 

distributed prior to utilizing parametric statistical tests. Connectivity values across all 

metrics in all region types were found to be normally distributed, so parametric statistical 

tests were used.

To compare connectivity measures in epileptogenic vs nonepileptogenic regions across all 

patients, we used paired-sample t tests (t = test statistic value, df = degrees of freedom). To 

evaluate connectivity differences across region types using four-category regional 

classification scheme—ictogenic, early propagation, irritative, and uninvolved—we used 

ANOVA (df = total degrees of freedom, F = F-statistic). To avoid oversampling, we 

calculated mean connectivity of all regions in each category for each patient prior to 

statistical testing (ie, n = 25 patients, not regions, for statistical tests).

We also sought to generate a model to predict ictogenicity of individual brain regions using 

combined directed and non-directed connectivity measures. This analysis was performed 

using binary classification logistic regression. Regions were classified as ictogenic or not 

ictogenic, with the latter category including early propagation, irritative, and uninvolved 

areas. Sensitivity and specificity measures signify the model’s ability to predict ictogenicity 

of a brain region. Five measures incorporated into the model included between and within 

imaginary coherence, MI strength, and inward PDC and DTF strength. These variables were 

chosen for the multivariate regression model based on results of univariate testing, as these 

connectivity measures were significantly different in ictogenic regions (P < .05, after 
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correction). Receiver-operating characteristic (ROC) curves were generated per individual 

metric and the combined model. Input for generation of these ROC curves was the metric 

associated with each region per patient (357 regions total). We performed fivefold cross-

validation with bootstrapping to ascertain viability of metrics used in the predictive model, 

as well as quantify distribution of accuracy and area under the curve (AUC). A total of 500 

iterations, each with fivefold cross-validation were performed, resulting in a total of 2500 

tests. Per iteration, five groups of five randomly sampled patients were designated; then per 

fold, a binary logistic regression model was trained on four groups and tested on the 

remaining group. Model accuracy and AUC per iteration and fold were used to ascertain 

distribution of the predictive model.

Statistical analysis was performed with MATLAB, and statistical significance was assessed 

at P <.05. When multiple t tests were used to compare values between two groups, we used 

the Bonferroni-Holm method to correct for multiple comparisons. When ANOVA was used 

to compare values between more than two groups, we used Tukey’s honest significant 

difference criterion (THSDC) to correct for multiple comparisons.

3 | RESULTS

3.1 | Patient characteristics

For patients in this study, 14.3 ± 4.7 (mean ± standard deviation) brain regions were sampled 

using 9.5 ± 2.0 electrodes and 106.4 ± 29.3 electrode contacts (Table 1). Overall, each 

region sampled had 4.4 ± 2.3 electrode contact pairs used for analysis (min = 1, max = 14). 

The mean stay length in the epilepsy monitoring unit was 9.9 ± 4.2 days. By the end of the 

clinical SEEG, seizure onset in 18 patients was localized to mesial temporal structures, with 

7 individuals experiencing bilateral mesial temporal lobe seizures. In the remaining seven 

patients, focal neocortical seizure onset was demonstrated.

3.2 | Regions with increased epileptogenicity display higher functional connectivity

We first evaluated connectivity across brain regions in all patients using nondirectional 

resting-state connectivity measures. With use of a dichotomized regional classification 

scheme as in prior work,15 epileptogenic regions demonstrated higher MI strength than 

nonepileptogenic structures (Figure 1A) (P = 2.71e-04, t = 4.69, df = 24, paired t test, 

Bonferroni-Holm correction). After reclassifying brain areas in the same patients into four 

categories of epileptogenicity, we observed that ictogenic regions showed higher MI strength 

than irritative, or uninvolved structures (Figure 1B) (Ptotal = 4.89e-05, PictogenicVSirritative = 

0.029, PictogenicVSuninvolved = 1.66e-05, df = 85, F = 8.62, one-way ANOVA with THSDC 

post hoc). Notably, as in our prior work in a smaller cohort,15 epileptogenic regions showed 

higher “between” imaginary coherence (to other brain regions) (P = 2.55e-04, t = 4.56, df = 

24) and “within” imaginary coherence (among electrode contacts within structure) (P = 

2.28e-03, t = 3.41, df = 24, paired t test, Bonferroni-Holm correction) compared to 

nonepileptogenic regions. Using four region classification, ictogenic zones showed higher 

“between” (Ptotal = 1.48e-05, PictogenicVSirritative = 0.0022, PictogenicVSuninvolved = 0.0017, df 
= 85, F = 9.72) and “within” imaginary coherence (Ptotal = .0039, PictogenicVSuninvolved = 

Narasimhan et al. Page 6

Epilepsia. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.039, df = 85, F = 4.80, one-way ANOVA with THSDC post hoc) than irritative and/or 

uninvolved regions.

To better visualize variability in connectivity patterns, we examined three-dimensional 

representations of MI strength in individual patients (Figure 2). Two anecdotal patient cases 

are shown in Figure 2 and Figure 4. In many patients, ictogenic regions demonstrated higher 

MI strength than other brain regions, and connectivity of uninvolved and irritative areas was 

relatively low. This is demonstrated in example Patient 1 with bilateral hippocampal seizures 

who received bilateral SEEG implantation (Figure 2A). However, MI strength maps in other 

patients did not show a clear relationship between connectivity and epileptogenicity of brain 

structures, such as example Patient 2, who had right frontal lobe epilepsy and underwent 

unilateral implantation (Figure 2B). Patient 2 had uninvolved regions of comparable 

magnitude to ictogenic regions, and the largest MI strength region was irritative, and overall 

values in this patient did not follow the general trend observed (Figure 2B). Overall, these 

results suggest that regions with increased epileptogenicity often demonstrate higher resting-

state connectivity using non-directional measures. However, given that these nondirected 

connectivity patterns vary, exploring additional connectivity metrics may help further 

improve identification of seizure networks.

3.3 | Ictogenic regions demonstrate higher inward but not outward directed connectivity

We then utilized the directed connectivity measures PDC and DTF to understand whether 

resting-state functional connectivity increases in seizure-onset regions are more likely driven 

by inward or outward connections. Using dichotomized region classification, we observed 

that although epileptogenic structures demonstrated higher PDC inward strength than 

nonepileptogenic areas (P = 1.26e-05, t = 6.03, df = 24), PDC outward strength did not differ 

between regions (P = 1.00, t = −0.55, df = 24, paired t tests, Bonferroni-Holm correction). 

Similarly, epileptogenic regions showed increased DTF inward strength (P = 5.84e-05, t = 

5.30, df = 24), but not outward strength compared to non-epileptogenic areas (P = .91, t = 

−0.12, df = 24, paired t tests, Bonferroni-Holm correction). Using four-region classification, 

ictogenic structures demonstrated higher inward connectivity using PDC (Figure 3A) (Ptotal 

= 9.26e-07, PictogenicVSearly-propagation = 7.02e-04, PictogenicVSirritative = 1.14e-05, 

PictogenicVSuninvolved = 8.73e-06, df = 85, F = 12.38, one-way ANOVA with THSDC post 

hoc), did not differ between region types (Figure 3B) (P = .47, one-way ANOVA). Likewise, 

ictogenic areas displayed increased DTF inward strength relative to irritative and uninvolved 

regions (Figure 3C) (Ptotal = 0.0029, PictogenicVSirritative = 0.023, PictogenicVSuninvolved = 

0.0026, df = 85, F = 5.05, one-way ANOVA with THSDC post hoc), but not outward 

strength (Figure 3D) (P = .31, one-way ANOVA) compared to other areas.

We visualized PDC and DTF maps for individual patients, to better appreciate magnitude/

directionality of connections. Example PDC and DTF maps for the same two patients in 

Figure 2 are provided in Figure 4. In the PDC map for example Patient 1, there are several 

high-magnitude inward connections into ictogenic hippocampi, with a particularly large 

connection from the right amygdala (early propagation) to the right hippocampus (Figure 

4A). A similar, but less-dramatic pattern, is seen in the DTF map for this individual, where 

ictogenic hippocampi receive primarily inward functional connections (Figure 4B). In 
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example Patient 2, both PDC (Figure 4C) and DTF (Figure 4D) maps reveal high-magnitude 

inward connections to ictogenic regions in the frontal lobe, and high connectivity in early 

propagation areas in the frontal lobe and insula, but not the temporal lobe. Overall, results 

suggest that seizure-onset regions may demonstrate markedly higher inwarddirected 

connectivity compared to other regions, and directed connectivity maps may aid in ictogenic 

structure identification.

3.4 | Connectivity model predicts ictogenicity of individual brain regions

Next we tested a connectivity model combining directed and nondirected measures to help 

predict whether an individual’s brain regions are likely to generate seizures. Based on the 

results of univariate testing above, we chose MI strength, “between” and “within” imaginary 

coherence, and PDC and DTF inward strength to incorporate into the model; we also 

evaluated the predictive value of these individual measures using ROC curves (Figure 5). 

Among nondirected connectivity measures, nonlinear MI strength demonstrated higher 

accuracy in predicting ictogenicity (AUC = 0.77) compared to “between” (AUC = 0.68) and 

“within” imaginary coherence (AUC = 0.64) (Figure 5A). PDC inward strength (AUC = 

0.84) showed improved performance over DTF inward strength (AUC = 0.72), and overall 

displayed highest accuracy of individual measures (Figure 5B). Using logistic regression, 

combined connectivity model predicted ictogenic regions with an AUC of 0.88 and accuracy 

of 84.3%, translating to a sensitivity of 79.4% and specificity of 81.9% at maximum 

sensitivity plus specificity (Figure 5C). Bootstrapping with fivefold cross-validation showed 

an AUC of 0.89 ± 0.03 and accuracy of 84.7 ± 5.5%. This finding suggests that a 

connectivity model combining resting-state nondirected and directed connectivity may help 

identify seizure-onset regions with relatively high accuracy.

3.5 | Connectivity model in patients with favorable seizure outcomes

After SEEG recordings, at the time of analyses, 21 of 25 patients had surgical intervention 

and ≥12 months of postoperative follow-up (mean: 20.9, range: 12.0–72.0 months). Of these 

individuals, four underwent frontal lobe resection, seven had selective 

amygdalohippocampectomy, four received temporal lobectomy, one underwent insular 

resection, and five received RNS. Of the resection patients (n = 16), the latest seizure 

outcome was Engel I in nine patients (56.3%), Engel II in four (25.0%), and Engel III in 

three (18.8%), whereas three (60%) of five who underwent RNS achieved ≥50% decrease in 

seizure frequency from baseline. We retested the accuracy of our model (Figure 5C) in 

predicting ictogenicity, restricting analysis to 12 patients who underwent surgery and had 

favorable seizure outcomes at ≥1 year follow-up (Engel I after resection or ≥50% seizure 

decrease after RNS). In these patients, the model demonstrated an AUC of 0.93, accuracy of 

87.5%, and a sensitivity and specificity of 88.9% and 90.8%, respectively, at maximum 

sensitivity plus specificity. This suggests that the model performs particularly well in 

patients within whom we have a higher confidence of seizure onset localization, given 

favorable postoperative outcomes.
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4 | DISCUSSION

Overall, our results suggest that epileptogenic regions demonstrate increased nondirected 

functional connectivity and higher inward directed connectivity from brief resting-state 

SEEG recordings, and a model incorporating both directed and nondirected connectivity 

measures may help identify seizure-onset zones with relatively high accuracy.

4.1 | Nondirected connectivity measures in defining epileptogenicity

Regarding nondirected linear connectivity measures, alpha-band imaginary coherence was 

higher (a) within epileptogenic areas and (b) between epileptogenic regions than other 

structures sampled, consistent with our prior study.15 Other intracranial EEG studies have 

also found high nondirected connectivity in epileptogenic networks in mesial temporal lobe 

epilepsy,39,40 focal neocortical epilepsy,14 and mixed patient populations.12 Of interest, we 

observed larger connectivity increases in epileptogenic regions using information-based 

nondirected measure, MI strength. We also evaluated connectivity across the four regional 

categories to further evaluate the epileptic network. Other SEEG connectivity studies have 

also demonstrated value in separately evaluating early seizure propagation areas.11,27 Using 

these classifications, ictogenic regions demonstrated higher MI strength than irritative and 

uninvolved regions (Figure 1). Finally, MI strength demonstrated improved accuracy in 

identifying ictogenic structures compared to coherence-based measures (Figure 5A). 

Overall, clinically useful information about epileptic networks can be garnered using 

nondirected connectivity measures, and nondirected nonlinear measures particularly deserve 

further exploration.

4.2 | Directed connectivity patterns in the seizure-onset zone and potential origins

We also evaluated directed connectivity measures, PDC and DTF, to probe directionality of 

altered functional connections in epileptic networks. Using both directed measures, 

ictogenic structures demonstrate markedly higher inward but not outward connectivity 

(Figure 3), and directed connectivity maps in individual patients may aid in epileptic 

network visualization (eg, Figure 4). Notably, of individual directional measures evaluated, 

PDC inward strength connectivity demonstrated the highest AUC in predicting ictogenicity 

(Figure 5B). Higher inward connectivity during the interictal period was also noted in 

smaller intracranial EEG studies,41–43 but one study in eight patients observed higher 

outward connectivity from the ictalonset zone once a seizure starts.44 It is possible that high 

resting-state inward connectivity reflects inhibitory input from other regions, to prevent 

seizure origin/spread, but direction of these signals may flip when seizure activity begins.45 

This hypothesis is further supported by intracranial EEG studies in neocortical epilepsy 

demonstrating functional isolation of epileptogenic areas at rest,46,47 or that increased 

synchronization in seizure-onset regions may be suggestive of an inhibitory surround.13 It 

has also been hypothesized that widespread network inhibition seen in temporal lobe 

epilepsy may have evolved to prevent seizure propagation.48 Confirmation of this hypothesis 

may be gained by correlating directed connectivity patterns with measurements of 

inhibitory/excitatory neurotransmission in animal models.
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4.3 | Clinical utility of resting-state SEEG connectivity models

Ultimately, the goal of this work is to improve surgical treatment of focal epilepsy, which 

depends on accurate delineation of epileptic networks. Our predictive model combining 

directed and nondirected measures to predict ictogenicity demonstrated relatively favorable 

performance (AUC = 0.88) and showed somewhat higher accuracy than individual measures 

(Figure 5C). Ictal interpretation of SEEG has limitations from localization accuracy, 

medication changes, safety/comfort concerns, and challenges capturing all seizure types 

during hospitalization.9,10 One study of bilateral temporal lobe epilepsy patients treated with 

RNS demonstrated that in approximately one-third of patients, >4 weeks of recordings were 

required to capture bilateral independent seizures.49 If validated, this work or similar 

network analysis of brief resting-state recordings by other groups may help reduce the time a 

traditional interpretation of SEEG currently takes and thus lead to shorter hospitalizations 

with fewer interventions to trigger seizures.

4.4 | Limitations and alternatives

One study limitation is that traditional clinical interpretation was used as the “gold-standard” 

to define epileptogenicity of regions, and these subjective interpretations may be inaccurate. 

However, in a subset of patients with favorable postoperative seizure outcomes, where 

confidence in region assignments is higher, connectivity model performance was somewhat 

improved in predicting ictogenicity (AUC = 0.93 vs 0.88). When data from a larger number 

of patients with long-term outcomes is available, it will be worthwhile to evaluate the 

relationship between connectivity and seizure outcome. Our analyses are also limited to 

regions sampled by SEEG electrodes, and thus may exclude relevant seizure network areas. 

Future investigations may utilize noninvasive functional neuroimaging techniques to better 

elucidate the relationship between whole-brain interactions and SEEG connectivity in 

structures sampled invasively. Next, we utilized only a single 2-minute data segment for our 

analyses to achieve stable connectivity values, avoid artifact or spike activity, and to create a 

simple, reproducible model that ultimately can be implemented at other centers. For our 

methods to be easily implemented in a clinical setting, data from a larger cohort of patients 

will be needed to define connectivity thresholds more clearly in ictogenic regions and to 

help predict the probability that an individual brain region is ictogenic. In addition, it will be 

useful to create an automated pipeline to identify electrode contacts that are positioned 

within gray matter, and accurately assign electrode contacts to designated brain regions 

using a coregistered atlas (performed manually in the present study). In future studies, 

exploring the influence of data segment duration on model fitting, which may further 

improve connectivity models, may be considered. Finally, although in our current protocol 

we collect resting-state data on the first day of SEEG study, there was variability in the 

current cohort, with data collected on day 1.5 ± 1.7 (mean ± standard deviation) across 

patients. The influence of medications on network connectivity is unknown and may be 

studied further using serial connectivity measurements.

4.5 | Conclusions

Nondirected and directed connectivity measurements from brief resting-state SEEG 

recordings may help delineate epileptic regions in patients with focal epilepsy, and a model 
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incorporating connectivity measures may help predict ictogenicity of individual brain 

regions. In particular, seizure-onset zones demonstrate markedly elevated inward but not 

outward connectivity at rest, which may reflect broad inhibitory input to prevent ictal 

activity. If validated, resting-state connectivity analysis may supplement traditional 

interpretation of SEEG in focal epilepsy, improving localization accuracy and surgical 

treatment in this devastating disorder.
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Key Points

• Nondirectional connectivity is higher in epileptogenic vs nonepileptogenic 

regions using linear and information-based measures.

• Ictogenic regions demonstrate markedly higher inward but not outward 

directional connectivity.

• A logistic regression model incorporating connectivity measures predicts 

ictogenicity of individual regions with an area under the curve (AUC) of 0.88.

• Our study suggests that brief resting-state stereo-electroencephalography 

(SEEG) data segments may be used to predict seizure-onset zones with 

reasonable accuracy.
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FIGURE 1. 
Brain regions with greater epileptogenicity demonstrate higher mutual information (MI) 

strength. A, MI strength in epileptogenic regions (mean ± standard deviation) (0.40 ± 0.14) 

is higher than in nonepileptogenic structures (0.24 ± 0.07), using a dichotomized 

classification scheme of epileptogenicity (paired-sample t test). B, MI strength was 

compared between regions using four categories of epileptogenicity using a one-way 

analysis of variance (ANOVA) with Tukey’s honest significant difference criterion (THSDC) 

post hoc. MI strength of ictogenic regions (0.45 ± 0.20) was higher than irritative (0.31 ± 

0.17) and uninvolved (0.22 ± 0.07) regions. In both panels, the central red line represents the 

median, and the top and bottom lines indicate the 75th and 25th percentiles, respectively. 

The red dots represent outliers, and the whiskers visualize the extremes of the data. (N = 25 

focal epilepsy patients.) *P < .05, **P < .01, ***P < .001 with Bonferroni-Holm correction 

for multiple comparisons for t tests, where applicable
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FIGURE 2. 
Mutual information (MI) strength maps in two example patients. A, Patient 1 is a right-

handed, 29-year-old woman with 8 y duration of epilepsy. The ictogenic regions (red) are 

the left and right hippocampi. The early propagation region (orange)is the right amygdala, 

and the irritative region (green) is the left parahippocampal gyrus. In this patient, ictogenic 

regions demonstrate highest MI strength. B, Patient 2 is a right-handed, 24-year-oldman with 

10 y duration of epilepsy. The ictogenic regions (red) are the right inferior frontal gyrus and 

middle frontal gyrus. The early propagation regions (orange) are the right insula, frontal 

operculum cortex, hippocampus, and middle temporal gyrus. The irritative regions (green) 

are the right precentral gyrus and superior frontal gyrus. In this patient, no clear relationship 

was seen between epileptogenicity and MI strength. In both panels, the size of the spheres is 

proportional to MI strength of the region. A full list of the regions sampled are listed in 

Figure 4 legend. A = anterior, L = left, P = posterior, R = right
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FIGURE 3. 
Ictogenic regions demonstrate higher inward but not outward directed connectivity. 

Strengths of PDC inward (A), PDC outward (B), DTF inward (C), and DTF outward (D) are 

shown across all patients. Ictogenic regions demonstrate higher inward strength (A, C) but 

not outward strength (B, D) using both directed connectivity measures. The PDC inward 

strength values (mean ± standard deviation) are: ictogenic (0.47 ± 0.17), early propagation 

(0.28 ± 0.19), irritative (0.24 ± 0.12), and uninvolved (0.25 ± 0.11). The DTF inward 

strength values are: ictogenic (0.43 ± 0.16), early propagation (0.35 ± 0.12), irritative (0.32 ± 

0.11), and uninvolved (0.30 ± 0.10). In all four panels, the central red line represents the 

median, and the top and bottom lines indicate the 75th and 25th percentiles, respectively. 

The red dots represent outliers, and the whiskers visualize the extremes of the data. (N = 25 
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patients.) *P < .05, **P < .01, ***P < .001, one-way ANOVA with THSDC post hoc. DTF = 

directed transfer function, PDC = partial directed coherence
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FIGURE 4. 
Directed connectivity maps in two example patients. PDC matrices (A, C) and the DTF 

matrices(B, D) are shown in two example patients, where arrows represent the directionality 

of the connection and line thickness is proportional to thresholded, rescaled PDC and DTF 

values. In both patients, structures with greater epileptogenicity, particularly ictogenic 

regions, demonstrated a larger number of high-magnitude inward connections compared to 

uninvolved areas. Patients1 and 2 correspond to the same patients shown in Figure 2. R = 

right, L = left; AC = anterior cingulate gyrus, Amy = amygdala, COpC = central operculum 

cortex, DTF = directed transfer function, FG = anterior temporal fusiform gyrus, FOpC = 

frontal operculum cortex, FP = frontal pole, Hip = hippocampus, IFG = inferior frontal 

gyrus, Ins = insular cortex, MFG = middle frontal gyrus, MTG = middle temporal gyrus, 
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OrFC = frontal orbital cortex, PDC = partial directed coherence, PHG = parahippocampal 

gyrus, PreG = precentral gyrus, SFG = superior frontal gyrus, SMA = supplementary motor 

area, STG = superior temporal gyrus
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FIGURE 5. 
A model incorporating directed and nondirected connectivity measures may help predict 

ictogenicity of individual brain regions. Receiver-operating characteristic (ROC) curves 

demonstrate the true-positive and false-positive rates in predicting ictogenicity of 357 total 

individual brain regions across all 25 patients. Five individual connectivity measures (A, B) 

and a model (C) that combines these measures with a binary logistic regression analysis are 

shown. The area under the curve (AUC) values of the nondirected measures (A) varies 

between 0.64 and 0.77. The AUC values for PDC inward strength and DTF inward strength 

(B) are 0.84 and 0.72, respectively. The AUC for the summary model (C) is 0.88. The dotted 

red lines indicate the sensitivity (79.4%) and specificity (81.9%) of the model in predicting 

ictogenic vs nonictogenic brain regions at maximum sensitivity plus specificity. DTF = 

directed transfer function, ImCoh = imaginary coherence (alpha-band), PDC = partial 

directed coherence
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TABLE 1

Summary of patient characteristics

Demographics

 Age, years 34.8 ± 11.6

 Gender, female 14.0 (56.0)

 Handedness, left 8.0 (32.0)

Details of recordings

 Regions sampled 14.3 ± 4.7

 Electrodes implanted 9.5 ± 2.0

 Electrode contacts implanted 106.4 ± 29.3

 Time between beginning SEEG study and resting-state recording, days 1.5 ± 1.7

 Electrode contact pairs per region 4.4 ± 2.3

Disease variables

 Epilepsy duration, years 18.8 ± 13.7

 Focal aware seizures, monthly 5.3 ± 12.2

 Focal impaired awareness seizures, monthly 14.0 ± 35.7

 Focal to bilateral tonic-clonic seizures, monthly 1.0 ± 2.4

Seizure-onset region

 Unilateral mesial temporal 11.0 (44.0)

 Bilateral mesial temporal 7.0 (28.0)

 Focal neocortical 7.0 (28.0)

Note: N = 25. Data are number (%) of patients for categorized variables and mean ± standard deviation for continuous variables.
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