Ictal EEG source imaging and connectivity to localize the seizure onset zone in extratemporal lobe epilepsy
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HIGHLIGHTS
· An automated algorithm was implemented for ictal ESI and subsequent connectivity from low-density EEG
· Connectivity analysis may improve the localization of the seizure onset zone in extratemporal lobe epilepsy
· Good localization was obtained also from diffuse hemispheric or bilateral ictal patterns

ABSTRACT
[bookmark: _GoBack]
Purpose
To evaluate the yield of Functional Connectivity (FC) in addition to low-density ictal Electrical Source Imaging (ESI) in extratemporal lobe epilepsy (ETLE), using an automated algorithm for analysis.
Method
Long-term EEG monitoring of consecutive ETLE patients who underwent surgery was reviewed by epileptologists, and seizure onsets characterized by rhythmical activity were identified. A spectrogram-based algorithm was developed to select objectively the parameters of ESI analysis. Two methods for SOZ localization were compared: i) ESI power, based on LORETA exclusively; ii) ESI+FC, including a Granger causality-based connectivity analysis. Results were determined at a sublobar level. The resection zone, in relation to 1-year follow-up surgical outcome, was considered as reference standard for diagnostic accuracy analyses. 
Results
Ninety-four seizures from 24 patients were analyzed. At seizure-level, ESI power showed 36% sensitivity and 72% specificity (accuracy: 45%). ESI+FC significantly improved the accuracy, with 52% sensitivity and 84% specificity (accuracy: 61%, p=0.04). Results of ESI+FC were equally valuable in patients with lateralized or bilateral/generalized visual interpretation of ictal EEG. In a patient level sub-analysis, upon blinded clinical interpretation, ESI+FC showed a correct localization in 67% of patients and substantial inter-rater agreement (kappa=0.64), against 27% achieved by ESI power, with fair inter-rater agreement (kappa= 0.37). 
Conclusion
FC significantly improves SOZ localization compared to ESI solely in ETLE. Ictal ESI+FC could represent a novel option in the armamentarium of presurgical evaluation, aiding also in patients with visually non-localizable scalp ictal EEG. Prospective studies evaluating the clinical added value of automated low-density ictal ESI may be justified.







1. INTRODUCTION
Obtaining an early, reliable estimate of the epileptogenic zone (EZ) is critical to the success rate of drug-resistant epilepsy surgery [1]. The irritative zone (IZ), obtained from interictal epileptiform activity, and the seizure onset zone (SOZ), derived from ictal EEG, are commonly used as an approximation of the EZ [2]. Nevertheless, it has been argued that the SOZ could be more informative than the IZ [3]. Indeed, interictal spikes can be generated by remote brain areas, whose removal might not lead to seizure freedom, while ictogenesis is considered to occur in one limited brain site, provided the epilepsy is unifocal and thus operable [4,5]. Visual interpretation of ictal scalp EEG remains challenging due to the abundance of artefacts, the short duration of certain seizure types or their rapid propagation, especially in extra-temporal lobe epilepsy (ETLE) compared to temporal lobe epilepsy (TLE) [6,7].
Electrical source imaging (ESI) aims to identify the anatomical source of ictal and interictal EEG activity, and to provide a computer-based estimate of SOZ and IZ, respectively. ESI relies on algorithms resolving the so-called inverse problem, i.e. to identify the possible current sources of a given surface electrical potential, taking into account the volume conduction through the head structures [4]. Previous research has demonstrated the higher anatomical and diagnostic accuracy of high-density (HD) ESI (i.e. derived from EEG >32 channels) compared to low-density (LD) ESI (from 19-25 channel EEG) [8,9]. However, there is increasing evidence that adequate diagnostic accuracy in SOZ/IZ localization may be reached through LD ESI – at least at a sublobar level  [10–13] – and that LD ESI may yield non-redundant information, useful to the phase-I of epilepsy presurgical workup [14]. 
Developing new methodologies to improve the yield of LD ESI may be valuable especially in the analysis of ictal EEG activity. Indeed, a limitation of HD ESI relies on the complexity of the HD EEG recordings, leading to acquire rather short traces (24-48 hours) which may not include a compelling number of seizures to analyze [14–16]. Higher numbers of seizures may instead be available in LD EEG traces, which account for the majority of the long-term monitoring that are currently performed. 
When applied to ictal EEG, conventional ESI methods that localize the sources with the highest power, might not be able to characterise the dynamic connections that occur during ictogenesis [17–19]. Functional connectivity (FC) analysis is capable to estimate the flow of information between different brain regions [20]. In this context, graph theory has been used to characterize the functional connectome underlying the EZ, and focal epilepsies are increasingly interpreted as larger-scale network diseases [21–27]. 
FC and graph theory measures can also be applied to ictal ESI, in order to extract features localizing the SOZ [28–30]. For this specific purpose, methods of directed FC - which evaluate the temporal precedence between signals - may be preferred, due to the dynamics of seizure evolution [30]. Granger causality has been successfully applied with this respect [28,31,32]. Connectivity analysis of source-space signals showed potential in identifying the “driving hub” of ictal networks, i.e. the source that is most likely to first cause the electrical modifications seen in a seizure [33,34]. Staljanssens et al. recently investigated the added value of ictal connectivity to LD ESI for SOZ localization, in a group of mostly TLE patients. When FC was combined with ESI, test sensitivity reached a value of 72%, against 31% for the ESI power approach [35]. However, specificity measures are still lacking. Moreover, an automated approach to ictal ESI, which could reduce time consumption and objectivize the parameters of analysis, has not been developed for this methodology yet.
Up to date, most studies probing new techniques of ictal ESI have focused on TLE [11,36–40].  TLE shows rather definite neural networks [41] and presents with homogeneous ictal EEG correlates if compared to the diversity found in ETLE [7]. In the latter, the abundance of artefacts, the short duration or the rapid propagation of certain seizure types have discouraged to perform ictal ESI more extensively  [7]. Further validation of ictal ESI in ETLE is thus needed. Moreover, ETLE patients tend to be more difficult cases to treat surgically [42], with a need of additional techniques to localize the EZ more accurately.
Hence, in the present study, we propose a time efficient approach for the performance of ictal ESI and subsequent FC, using a semi-automated methodology for the selection of the parameters of analysis. We investigated the accuracy of LD ESI and FC in a group of ETLE patients exclusively. In addition, we compared the performances of (semi-) automated ictal and interictal ESI approaches, and explored their potential complementary value.


2. MATERIALS AND METHODS
2.1. Patient selection
The study was approved by the Institutional Review Board of Saint Luc University Hospital, Brussels, Belgium (2018/25JAN/030). We reviewed the medical records of the epilepsy surgical database of the Centre for Refractory Epilepsy of Saint Luc University Hospital between 01-Jan-2014 and 01-Jul-2018, and screened for consecutive patients with the following inclusion criteria: (1) drug-resistant extratemporal focal epilepsy; (2) performance of curative epilepsy surgery such as cortectomy, lesionectomy, lobar disconnection or hemispherotomy [43]; (3) availability of long-term scalp EEG monitoring, pre-operative and post-operative 3T structural MRI; (4) 1-year minimal follow-up after surgery. Patients were divided into seizure free (ILAE class 1) or not (ILAE class 2-6) based on the 1-year follow up. If patients had underwent more than one surgery, only the last presurgical evaluation performed at our center was taken into consideration for the study.
	
2.2. EEG recordings and seizure selection: ictal rhythmical activity
EEG recordings were performed either at Saint Luc University Hospital or at Centre neurologique William Lennox, Ottignies, Belgium. EEG acquisition systems were the Deltamed® (Natus Europe, Paris, France) or the Grass-Telefactor® (Astro-Med, West Warwick, United States). A total of 19-23 electrodes were used, placed according to the 10-20 system, with possibility of additional T1-2/FT9-10/TP9-10 channels. For all cases, the sampling rate was 256 Hz. 
Revision of long-term EEG and selection of seizures to analyze was carried out by experienced epileptologists (RET, PV, MDT, SFS). We collected up to five stereotyped seizures per electrophysiological type of seizures presented by each patient. If more seizures were available, those containing the least amount of artefact were selected.
The epileptologist marked the first rhythmical ictal activity appearing on the EEG, and identified the frequency band of interest. The ictal activity had to comply with one of the three following patterns: (1) rhythmically evolving discharge in the theta (4–7 Hz), delta (0–3 Hz) or alpha (8–13 Hz) band; (2) rhythmical spiking; (3) fast paroxysmal activity (>13Hz) [7]. Seizures starting with non-rhythmical patterns, such as high‐voltage slow waves followed by voltage attenuation, electrodecremental flattening or other non-rhythmical irregular activity, were excluded.

2.3. EEG pre-processing and automated identification of time window and frequency band of interest
EEG recordings were analyzed in common average reference. When present, T1-2/FT9-10/TP9-10 channels were excluded from the analysis, for homogeneity with patients recorded with standard 10-20 system. The signal analysis was performed with MATLAB2017a (MathWorks, Natick, MA, USA). A band-pass between 0.5 and 30 Hz and a 50Hz notch filter were applied. A maximum of two channels could be removed if they presented bad contact or major artefacts: if three or more channels were affected, the seizure was rejected from further analysis.
An automated algorithm for the analysis of ictal EEG was implemented to localize the SOZ. The methodology of analysis is summarized in Figure 1. First, the main EEG channel of interest was determined by performing a Fast Fourier transformation (FFT) of all traces, with a sliding window of 1 s, including -0.5 to +3.5 s after the SOZ marking. The channel showing the maximal peak of FFT within the band of frequency provided by the epileptologist was selected, to limit the interference of other waveform activities in different frequencies (background rhythms, artifacts). Thereafter, the algorithm determined the epoch length defined as the time in which the target FFT value did not fall below the 50% of the maximal peak FFT value. If this condition was not maintained for at least 1 s, the specific FFT peak was discarded as likely to be non-ictal, and the algorithm analyzed the following highest peak of FFT.  Epoch length was at longest of 3 s, as longer durations were considered to potentially include ictal spread [28]. In turn, based on the selected peak value of FFT, the frequency-of-interest (FOI) for ESI and FC analysis were obtained, which corresponded to the FFT peak +/- 0.5 Hz.

2.4. Determination of SOZ based on ESI and FC analysis
Individual head models were constructed from the T1-weighted MRI of each patient with a 1x1x1 mm resolution, using the tissue probability maps available in SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK). The head model consisted of six layers: scalp, skull, cerebrospinal fluid, grey matter, white matter and air [44]. The tissue maps were smoothed and combined in the final model for forward problem solution.  The solution space was restricted to the grey matter, with a uniform grid of 3 mm spacing, and leadfields were computed to correlate the current dipoles in the grey matter with the measured scalp EEG. Further details of the steps of head model calculation can be found in [12].
For the ESI power method of source localization, LORETA-derived time series were extracted [45], and sorted according to their relative power in the FOI range established by automated algorithm. For each seizure analyzed, the source with the highest power was defined as SPOW, which was considered as the SOZ estimate for ESI power method.  
For the ESI+FC method of source localization, connectivity analysis based on Granger causality was applied on the time series extracted by ESI. Spectrum-weighted Adaptive Directed Transfer Function (swADTF) was used as method for FC computation[46]. For further methodological detail, we refer to previous publications on the subject [32,35]. SwADTF was calculated at each epoch time sample within the specific FOI. The out-degree of each source was calculated as the sum of the swADTF values pointing to every other source. For each seizure analyzed, the source having the highest out-degree was named SCONN, and considered as the SOZ estimate for ESI+FC method.

2.5. Automated interictal ESI
In addition to ictal analyses, datasets were also analyzed using Epilog PreOp© (Epilog NV, Ghent, Belgium), consisting of an automated interictal spike-detection coupled to subsequent ESI analysis. We refer to previous publications for a more extensive description of this methodology [10,12]. sLORETA inverse solution was performed at the half-rising time and the peak of the averaged spike waveforms, and the four most represented spike clusters were retained. 

2.6. Reference standard and diagnostic accuracy assessment
STARD guidelines were adopted for reporting this study [47]. The resection zone was considered as reference standard, and accuracy measures were determined in relation to the surgical outcome [9,11,13]. SPOW and SCONN were co-registered with the post-operative patient-specific MRI using SPM12. Concordance was determined at sublobar level, with 21 different sublobes defined for each hemisphere [48], listed in Supplementary Material 1. Each SPOW and SCONN localization was considered positive if the sublobar classification was concordant with the resection zone, which could include one or more sublobes according to the extent of the surgery, or negative if discordant. Surgical outcome was used to define true positives (TP), true negatives (TN), false positives (FP) and false negatives (FN) [9,11,13,40]: positive localization in an ILAE class 1 patient = TP;  negative localization in an ILAE class 2-6 patient = TN; positive localization in ILAE class 2-6 patient = FP; negative localization in ILAE class 1 patient = FN.
First, we calculated at a seizure level (i.e. considering each SPOW and SCONN) the sensitivity, specificity, overall accuracy and predictive values of the two index tests (ESI power and ESI+FC).
In addition, in order to appreciate the intrasubject consistency of single-seizure results, we set out to determine accuracy measures at a patient level. Patients that underwent hemispherotomies were excluded from this sub-analysis. SPOW and SCONN were presented to two independent reviewers (RET and PV), co-registered to the pre-operative MRI. Clinical information from phase-I evaluation (video-EEG, neurophysiological testing, MRI and PET) was available, but reviewers remained blinded to intracranial EEG (if performed), extent of the RZ and surgical outcome. Reviewers were asked to select, for each patient, the most pertinent sublobar localization proposed by each index test (all SPOW for ESI power, all SCONN for ESI+FC). If none of the localizations was considered consistent nor compatible with the clinical background, reviewers could classify the test as inconclusive. The outcome was accepted if both reviewers agreed independently on one sublobar localization or on an inconclusive outcome. If the two primary reviewers disagreed, a third reviewer (SFS) was asked to localize the tests following the same procedure. Agreement of the third reviewer served as final determination: failure to agree with either primary reviewer classified the test as inconclusive [49]. We calculated Cohen’s kappa as a measurement of agreement between the two primary reviewers (§ Statistical analysis). Accuracy measures were obtained by performing sublobar concordance as described above, but with the patient as unit of analysis rather than each seizure separately.
Ictal outcomes were also compared to the most relevant interictal spike cluster given by Epilog PreOp, selected by the clinicians in a similar way as performed by Baroumand et al. [12]. Likewise, the most relevant interictal ESI cluster and time point of analysis (half-rising or peak) were chosen based on the clinical context. 
Inconclusive results were reported separately throughout the paper, but still considered as part of the negative group for patient-level accuracy calculations, aiming to reflect their potential use in a clinical setting [50]. 

2.7. Secondary outcomes: accuracy with respect to resection type and localizing value of scalp EEG, and comparison with structural MRI.
Surgical resections were heterogeneous across the study population, with patients who underwent limited resections (lesionectomies, cortectomies or disconnections involving only one lobe) and patients with extended resections (multilobar resections/disconnections, and hemispherotomies). We determined whether there was a between-group (limited vs. extended) difference for ESI power and ESI+FC results. Furthermore, in order to test whether results were influenced by the degree of localization allowed by ictal EEG, we performed a between-group analysis regrouping patients with localizing, lateralized or bilateral/generalized ictal EEG [7], based on visual interpretation of the analyzed seizures. In addition, we also determined the diagnostic accuracy of structural MRI for the detection of epileptogenic lesions (using the same reference standard described above in section 2.6), and compared the results with those of ESI power and ESI+FC.

2.8. Statistical analysis
Statistical analysis was performed using SPSS Statistics for Windows 2.0 (IBM Corp., Armonk, USA). Sample size was planned based on a previous study by Staljanssens et al. [35]. Confidence intervals (C.I.) are reported for 95%. Chi-square test was used to assess differences between test accuracy measures. Inter-rater agreement between primary reviewers was calculated using Cohen’s kappa (k), for 43 possible choices (all sublobes plus the inconclusive outcome). Agreement was considered poor for k< 0.2, fair for k= 0.2-0.39, moderate for k= 0.4-0.59, substantial for k= 0.6-0.79 and excellent for k > 0.8 [51]. For subgroup analyses, mean diagnostic accuracy values per patient were calculated. Wilcoxon signed-rank test was used for comparing paired samples. Mann-Whitney U test (two subgroups) or Kruskal-Wallis H test (three subgroups) were used to compare between the independent samples. Significant values were set at p < 0.05. 

3. RESULTS
3.1. Inclusion of patients and study flowchart
Thirty-six patients were considered potentially eligible after revision of clinical database. One patient was excluded due to a concomitance of temporal and extra-temporal resections. In one patient, no seizures in the relevant EEG monitoring were available. Ten patients were excluded as the seizure onset was not characterized by clear rhythmical activity. As a result, 24 patients were finally included in the study (Figure 2). Clinical records of the study population are available in Table 1. Demographics can be found in Supplementary Material 2. From these 24 patients, 100 seizures were identified. However, six seizures were excluded as the recordings presented three or more bad channels.
Overall, 94 seizures from 24 patients were conclusively analyzed. 17/24 patients seizure free after their surgery were finally included, resulting in 69 seizures analyzed in the ILAE class 1 group, vs. 25 seizures in 7/24 ILAE class 2-6 patients (Figure 2) . Visual interpretation of ictal EEG was localizing in 32/94 seizures (PAT 1, 4, 9, 10, 12, 16, 20, 23), lateralized in 35/94 (PAT 2, 5, 6, 14, 15, 18, 19, 21, 22) and in 27/94 bilateral or generalized (PAT 3, 7, 8, 11, 13, 17, 24). 

3.2. Accuracy measures of the index tests
[bookmark: _Ref10813810][bookmark: _Ref10813794]At a seizure level, ESI power method localized correctly the SOZ (SPOW) in 43/94 seizures, with an overall accuracy of 46% (C.I. 35-56%). ESI+FC significantly improved the performance (chi-square test, p= 0.04), with SCONN correctly localized in 57/94 seizures, and an overall accuracy of 61% (C.I. 50-71%). Full measures of accuracy are shown in Table 2. Two examples of analyzed seizures are shown in Figure 3 and Figure 4.
At a patient level, 18 out of the total of 24 patients were studied, as six patients who underwent hemispherotomies were excluded. For ESI+FC, correct localization was obtained in 12/18 patients (66%), whereas for ESI power in only 5/18 patients (27%) (Figure 5, Table 2). 
Regarding interictal ESI, in 1/18 patients no interictal spikes were detected (mean hours of EEG analyzed per patient: 54.7, range: 21–97.2; mean n of spikes per cluster: 1992, range: 43–25660). The selected dominant spike-cluster showed correct localization in 11/18 patients (61%). In 4/18 patients, ictal ESI+FC could localize correctly the SOZ despite an erroneous localization of interictal ESI, whereas in 5/18 patients with wrong ESI+FC localization, interictal ESI yielded correct results. Only in 2/18 patients (11%; PAT1, PAT2) both ESI+FC and interictal ESI failed to yield a correct localization. In particular,  both PAT1 and PAT2 had post-operative ILAE class 1, and analyses gave inconclusive or discordant results compared to the reference standard. Individual results are detailed in Supplementary Material 3.
Cohen’s kappa analysis (Table 2) resulted in a fair agreement between raters for ESI power (k = 0.37, C.I. 0.21-0.53), whereas a substantial agreement was achieved for ESI+FC (k= 0.64, C.I. 0.50-0.78) and interictal ESI (k= 0.75, C.I. 0.64-0.85). 

3.3. Secondary outcomes: accuracy with respect to resection type and localizing value of scalp EEG, and comparison with structural MRI.
Results were not statistically different when separating patients who underwent limited (n= 14) or extended (n= 10) resection, neither for ESI power (mean accuracy: limited resection= 34%, extended resection= 41%; p= 0.82) nor for ESI+FC (mean accuracy: limited resection= 60%, extended resection= 69%; p= 0.53).  ESI+FC showed higher accuracy compared to ESI power in both subgroups. In particular, the difference was statistically significant for the limited resection subgroup (p= 0.02), but it did not reach significance in the extended resection subgroup (p= 0.11).
Visual interpretation of ictal EEG was localizing in 32/94 seizures, lateralized in 35/94, and in 27/94 bilateral/generalized. Mean accuracy results were not significantly different across the three subgroups (ESI power: localized EEG = 53%, lateralized EEG = 49%, bilateral/generalized EEG = 53%, p= 0.53; ESI+FC: localized EEG = 53%, lateralized EEG = 71%, bilateral/generalized  EEG = 55%, p= 0.85).
In the 18 patients considered for the patient level analysis (hemispherotomies excluded), MRI epileptogenic lesions were found in 12/18 cases (signs of focal cortical dysplasia: n= 8, brain tumours: n= 2, angiomatous lesions: n= 1, post-ischemic lesions: n= 1) . Structural MRI yielded a correct localization in 10/18 cases (overall accuracy = 56%). Particularly, MRI abnormalities were concordant with the reference standard in 8/12 ILAE class 1 patients (sensitivity = 67%). False positive results were given in 4/6 ILAE class 2-6 patients (specificity= 33%).

4. DISCUSSION
Our study provides the first evidence for the application of ictal ESI and subsequent connectivity in a heterogeneous sample of ETLE patients. FC analysis significantly improved SOZ localization, both at seizure and patient level, in comparison to ESI performed solely (Table 2). Interestingly, our technique showed to be equally effective when analyzing seizure onsets with focal, lateralized or bilateral/generalized modifications. This could aid SOZ localization in cases where visual interpretation of ictal scalp EEG is considered non-informative, and might provide non-redundant information to the clinicians. 
Recent studies emphasized that epilepsy centers may underutilize ESI, despite its potential clinical usefulness, due to a lack of expertise in the required data processing [14,52]. (Semi-)automated approaches, potentially applicable also for LD ESI, might offer a solution to this issue. Historically, ESI was primarily applied to interictal epileptiform discharges, and higher standardization of interictal ESI methods has been given, for both manual and automated techniques [4,12,53]. With respect to ictal ESI, new approaches for improving the yield of source imaging of ictal EEG are justified, and connectomics are a promising field for the study of ictal networks [34]. 
Staljanssens et al. recently demonstrated the added value of FC compared to ESI solely in localizing the SOZ from ictal LD scalp EEG [33]. In that study, ESI+FC was applied application on mainly TLE (24/27 patients). Indeed, TLE represented the working model of the vast majority of studies on ictal ESI [31,32,35,36,39,40], leaving the unmet need for additional evidence in ETLE patients. Only two studies on ictal ESI have investigated so far a pure group of ETLE cases. Kovac et al. reported that ictal LD ESI can improve lateralization of SOZ compared to visual interpretation of scalp EEG, in eight patients with frontal lobe epilepsy that presented with non-lateralized ictal EEG [54]; however no diagnostic accuracy measures were determined. Pellegrino et al. studied ictal MSI and HD ESI in 31 seizures from 13 ETLE cases, reporting a 75% accuracy for ictal HD ESI using the wavelet-based Maximum-Entropy-on-the-Mean (wMEM) algorithm [55]. However, in that study only 10 sublobes per hemisphere were used for concordance analysis, limiting its possible application in the presurgical workup. 
In addition, compared to the work of Staljanssens et al. we provide here a patient-based interpretation performed by the epileptologist, which may reflect the consistency of the results when taken into a clinical context. Although statistical significance was already shown at a seizure level (overall accuracy: ESI power= 46% vs. ESI+FC= 61%, p= 0.04), the added value of FC becomes even more striking at a patient level, where ESI power localized correctly in 28% of patients vs. 67% for ESI+FC. Moreover, ESI+FC showed a substantially higher inter-rater agreement (k= 0.64) compared to ESI power (k= 0.37), proving its higher reliability in a potential clinical setting (Table 2). However, interictal ESI remains more reliable (k= 0.75) and with higher final interpretability compared to ictal ESI +FC (ESI+FC yielded 9/18 inconclusive results, whereas automated interictal ESI only 4/18, Figure 5). 
Interestingly, our clinically interpreted results show a complementary value between ictal ESI+FC and interictal ESI in 50% (9/18) of the analyzed patients (Supplementary Material 3): in 4/18 patients ictal ESI+FC could localize correctly the SOZ despite an erroneous localization of interictal ESI, while 5/18 patients had incorrect ESI+FC localization but interictal ESI yielded correct results. Only in 2/18 patients (11%) both ESI+FC and interictal ESI failed to yield a correct localization. A recent prospective study applied non-automated ictal and interictal ESI from standard scalp EEG (<32 channels) in a mainly TLE population, i.e. >70% of patients [13]. Similarly to our study, Sharma et al. also highlighted that in a number cases their value could be complementary, although this complementarity was not quantified. Interestingly, considering patient-level results, ESI+FC achieved higher diagnostic accuracy compared to structural MRI (ESI+FC= 67%, MRI= 56%). In particular, despite a slightly lower sensitivity (ESI+FC= 58%, MRI= 67%), ESI+FC showed considerably higher specificity (ESI+FC= 83%, MRI= 33%).
On a more technical level, the connectivity-based estimate of SOZ was performed according to the values of out-degree of EEG sources. Out-degree measures the likelihood of a “node” to influence the rest of the network in producing a given signal, and therefore the source with the highest out-degree can be considered as the driving hub of the epileptic network [29,32,56]. Different explanations can be proposed to explain the improved SOZ localization when using connectivity analysis. Granger causality-based FC takes into account the time evolution of EEG seizure modifications, while temporal precedence across signals is not addressed by a solely power-based ESI analysis. Moreover, connectivity analysis is more robust to residual artefact activity and noise in the selected epoch [33], supporting the  improved results in ETLE, especially in frontal seizures, where signal-to-noise ratio is lower compared to TLE (major movements, rapid propagation) [7,54].
Previous utilization of ESI+FC was based on a subjective selection of parameters of analysis [35]. We implemented an objective algorithm for an automated, spectrogram-based, selection of parameters for ictal ESI analysis, aiming to localize brain activity in a narrow time-frequency window (Figure 1). Recent studies on ictal ESI have developed similar automated pipelines, leading to convincing time-saving results [11,40]. However, we report for the first time its use combined with a connectivity analysis. The EEG processing used in the present study requires the input of only two elements from the clinician: the seizure onset marking and the band of frequency of the rhythmical ictal activity. Thereafter, the analysis is fully automated, and enables an objective selection of the target ictal activity, provided it is rhythmical. Our method could solve some of the issues related to spike averaging-based ictal ESI: indeed, when done manually, no clear consensus exists on the number of spikes to average nor on the requested coherence across spikes [57].
Our study faces some important limitations. We are aware of the lower spatial resolution provided by LD ESI, and that in this study we may be missing important anatomical details in source reconstruction. Such details could have been provided by HD ESI, however no HD EEG recordings were available in our study population, and a direct comparison of the yield of FC in addition to LD or HD ESI was not in the scope of the study. Interestingly, a benchmark paper applying non-automated interictal ESI, considering a subanalysis performed on extratemporal cases, showed that the sensitivity of LD-ESI reached 63,6% versus 75% for HD-ESI [9]. The superiority of HD ESI was therefore found to be relatively modest, and the sensitivity of LD ESI was at least comparable to other commonly presurgical evaluation techniques (such as PET: 60%, or ictal SPECT: 47,1%). When considering TLE, the accuracy difference was substantially higher (LD-ESI: 67,3%, HD-ESI: 91,7%). Future prospective studies in ETLE, evaluating the accuracy and clinical yield of LD ESI+FC compared to HD ESI, and/or to other imaging modalities, may be justified. 
Another limitation of our study is that some of our recordings were acquired before the release of the IFCN recommendations on the use of a 25-channel LD EEG array, which includes the inferior temporal chain [58],  hence some datasets consisted of a suboptimal 19-electrode coverage. A uniform use of 25 channels for LD ESI might have improved the quality of the inverse problem solution and the final diagnostic accuracy, and it is encouraged for further studies on the topic.  Nonetheless, given that the analyzed ictal EEG epochs pertained to extratemporal seizures, we may expect that the loss of information due to a missing inferior temporal chain was lesser than it would have been in temporal seizures.  
In light of the lower resolution of LD ESI, we determined our results at a sublobar level, and this might have led to an overestimation of the accuracy. Nevertheless, recent studies on LD ESI showed an adequate diagnostic accuracy and a clinical added value when results were analyzed on sublobar level [13,14]. Indeed, sublobar concordance result may be useful in modifying the scheme of intracranial EEG electrode implantation, which essentially remains the most frequent clinical management change brought by HD-ESI or MSI[53]. Interestingly, in the work of Foged et al., clinical management changes depending on ESI results were not significantly different whether LD or HD-ESI was used [14].  Finally, one should consider that: i) most epilepsy centers still only perform LD EEG as part of their long-term monitoring; ii) HD EEG is commonly recorded for shorter periods compared to LD EEG, leading to a recording of a lower number of  seizures. Hence, we believe that it is clinically important to develop new methods applicable to LD ESI, which could encourage the use of source imaging in daily practice. 
We cannot exclude that the earliest rhythmical activity visible at the scalp already reflects a seizure propagation, thus the actual onset of a seizure may not be targeted in some cases by our method. However, our technique is in line with most algorithms of ictal pattern selection developed so far [11,40,59], which applied a spectral analysis approach. Using such algorithms, a dominant ictal rhythm is needed to allow consistent recognition of the target waveform. Thus, a number of seizures not characterized by rhythmical EEG activity (found in 10 out of the 36 eligible patients) could not be included in the analysis. Our data support the previous findings of Foldvary et al. that up to 41% of seizures in ETLE may present with challenging non-rhythmical/obscured patterns [7]. Unfortunately, the current methodology could not be used for analyzing non-rhythmical EEG patterns, which marks a shortcoming of our study.  Further studies are needed to: i) develop algorithms for objective parameter selection in absence of dominant ictal rhythmic waveforms; ii) elucidate the potential yield of FC in non-rhythmical EEG patterns in ETLE. We stress the fact that Granger causality-based connectivity does not require spikes as units of source reconstruction, potentially making it a suitable approach to study non-rhythmical patterns (e.g. analyzing the temporal precedence in electrodecremental responses). 
We validated our ESI+FC method using the RZ as reference standard, and considering seizure freedom after surgery as proof of correct localization of the EZ. This approach is regarded as a reliable approximation of the ground truth of EZ localization [9]. However, the resected/disconnected zone after epilepsy surgery is generally larger than the veritable epileptogenic focus [6], and this could have influenced our accuracy results. Besides, SPOW and SCONN consisted of one grid point with a 3 mm diameter. This allows a straightforward determination of the estimated SOZ location, but does not allow appreciating its spatial extent. It is certainly out of the scope of the study to propose LD ESI+FC as indication of the boundaries of the SOZ.  However, a possible evolution of our methodology could include a spatial extent calculation, based on the out-degree of neighboring sources. Consequently, we did not base accuracy measures on whether SPOW and SCONN were exactly located inside or outside the RZ, but on sublobar concordance. In the work of Staljanssens et al. distances were calculated from the border of RZ to the estimated SOZ. Although the exact distance approach is scientifically rigorous, one should consider that important sulci or lobe distinctions (e.g. temporal pole vs. orbitofrontal area) might lie within small distances (5-10 mm). We opted for sublobar concordance, a clinical-based approach allowing a reasonable spatial approximation, which proved to be useful in the context of a phase-I presurgical evaluation [14,53]. With this respect, another possible solution is to parcellate cortical sources in regions of interest at a sublobar level. Parcellation might lead to a more realistic correspondence between the resolution of the LD EEG and that of the final solution space, and to increase the accuracy of the connectivity estimation [60].

5. CONCLUSIONS
Ictal LD ESI and subsequent connectivity analysis could be a valuable tool in the presurgical evaluation of ETLE. We implemented an automated methodology for ictal ESI and FC, readily applicable on 19-25 channel scalp EEG, especially in centers where HD EEG or MEG are not standardly available. Ictal ESI+FC shows complementarity to automated interictal ESI. Further prospective studies are needed to investigate the clinical added value of automated ictal LD ESI, and to test the potential of FC for SOZ localization in non-rhythmical EEG patterns.
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LEGENDS

Figure 1 Pipeline of EEG processing for ictal ESI and FC. Epileptologists marked seizure onset characterized by a rhythmical ictal activity in at least one EEG channel, and provided the band of frequency of interest (1). The automated algorithm consisted of a spectrogram of all channels with sliding window of 1 s, from -0.5 second before to +3.5 second after the marker. In the band of interest, the peak (maximum) of the spectrogram including all channels is searched, and it allows identifying the main channel, i.e. the channel containing the maximal FFT peak (2). In the main channel, the epoch length to analyze was defined based on the stability of the FFT peak (3a). The FFT peak value needed to be stable for at least 1 s (not falling below 50% of the maximal value), but never exceeded 3 seconds (4a). In turn, the exact frequency of interest is chosen based on the FFT peak ±0.5 Hz (3b, 4b).  Afterwards, ESI was performed by using LORETA to obtain the more active sources in the FOI (5) and the relative time series are reconstructed (6). In turn, the sources are classified according to their absolute power in the FOI, for the ESI power method: SPOW corresponds to the highest ESI power and is considered to correspond with the SOZ (7).  Sources are also sorted based on the values of out-degree, which results of the subsequent source-space functional connectivity analysis in the FOI:  SCONN is the source with the highest out-degree, and is considered the SOZ localization for the ESI+FC method (8). Outcome measures are calculated based on concordance with the resection zone, after co-registration with the post-operative MRI (9). FFT, fast fourier transform. FOI, frequency of interest. ESI, electrical source imaging. SOZ, seizure onset zone. 

Figure 2 Flowchart of the study population, for the seizure-level analysis.

Figure 3 Example an ictal report for one seizure in an ILAE class 1 patient (PAT 5). Despite an ictal EEG showing a left lateralization, the source with the highest out-degree using ESI+FC (SCONN) is correctly localized inside the resection zone in the right frontal lobe, after co-registration with the post-operative MRI. The source with the highest power (SPOW), according to the ESI power method, is wrongly localized in the left temporal lobe. Below, an example of SCONN and the out-going connections between the potential hubs of the seizure network are displayed, and the sources are sorted by the levels of out-degree. ESI, Electrical Source Imaging. FC, functional connectivity.

Figure 4 Example of ictal report for one seizure in an ILAE class 1 patient (PAT 13). This patient suffered from a Lennox-Gastaut Syndrome symptomatic of a right frontal focal cortical dysplasia, and presented with generalized tonic seizures. Ictal EEG was qualified as generalized by the epileptologist. The SOZ determined by the ESI power method (SPOW), showed a seizure onset localized in the right temporal lobe, while for the ESI+FC method (SCONN) the SOZ was localized inside the resection zone in the right frontal lobe (disconnected area masked in green), after co-registration with the post-operative MRI. In the graph-below, the ESI+FC sources are sorted by the relative out-degree. Both SCONN and the second most active source were located in the right frontal lobe. SOZ, seizure onset zone. ESI, Electrical Source Imaging. FC, functional connectivity.

Figure 5 Study flowchart leading to ESI+FC, ESI power, and interictal ESI results, at a patient level. Reference standard: resection zone in relation to surgical outcome at 1 year follow-up
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	Pt n°
	Epilepsy localization
	Sex
	Epilepsy onset age
	Surgery age
	Type of surgery
	ILAE class at 1 year
	Ictal EEG
	Dominant rhythm
	Interictal EEG
	MRI findings
	FDG-PET findings
	Anatomopathology
	Follow-up in months

	1
	RFLE
	F
	4
	11
	Lesionectomy R F
	1
	R F and pre F fast low voltage paroxysms
	Fast paroxysmal activity (beta band)
	R F S and SW
	R F FCD
	hypometabolism R F, small hypemetabolic area at lesion border
	FCD type I R F
	40

	2
	LFILE
	M
	2
	13
	Lesionectomy L F and operculo-Insular (2nd surgery)
	1
	L hemispheric slowing in delta/theta
	Rhythmical evolving discharge in delta/theta band.
	L F SW and L T ant  S
	L F insular tumour
	hypometabolism R F
	DNET L F
	38

	3
	multilobar right hemispheric
	M
	1
	9
	Hemispherotomy R 
	1
	bilateral fast paroxysms
	Fast paroxysmal activity (alpha)
	bilateral F S
	R F insular post-ischemic lesions
	hypometabolism R diffuse
	n/a
	33

	4
	RFLE
	M
	6
	8
	Cortectomy R F
	1
	C fast paroxysms, right diffusion
	Rhythmical evolving discharge in theta/alpha band
	C S and slow waves
	R F uncertain abnormality
	negative
	FCD type IIb R F
	42

	5
	RFLE
	F
	3
	21
	Lesionectomy + cortectomy R F
	1
	L slowing, R anterior slow waves
	Rhythmical evolving discharge in theta/alpha band
	R prefrontal
	R F FCD
	negative
	FCD type IIb R F
	40

	6
	multilobar left hemispheric
	F
	3
	15
	Hemispherotomy L
	4
	L anterior discharge
	Fast paroxysmal activity (beta)
	L diffuse SW
	large L porencephalic cavity
	hypometabolism L
	nonspecific findings
	33

	7
	RFLE
	M
	2
	8
	Disconnection R F
	1
	bifrontal fast paroxysms
	1st type: Fast paroxysmal activity
2nd type:  Rhythmical evolving discharge in theta/alpha band
	R F lateral S
	no epileptogenic lesion
	slight hypometabolism R F lateral and mesial
	non significant
	30

	8
	RFLE
	F
	0
	14
	Disconnection R F
	1
	R FT low voltage fast paroxysms; anterior fast bilateral discharges
	Rhythmical evolving discharge in theta/alpha band
	R FT S, slow SW, slow waves
	no epileptogenic lesion
	Negative

	non significant
	24

	9
	right posterior quadrant
	M
	1
	4
	Disconnection R TPO
	1
	L temporo-occipital fast evolving to theta discharge
	Rhythmical evolving discharge in alpha band
	L TPO
	L TPO angiome lesion
	hypometabolism R TO
	hemangiome
	30

	10
	multilobar left hemispheric 
	F
	1
	4
	Hemispherotomy L
	1
	R temporal theta-delta discharge
	Rhythmical evolving discharge in theta band
	L FC SW
	L FTP atrophy sequel
	hypometabolism L
	n/a
	26

	11
	multilobar left hemispheric 
	M
	3
	5
	Hemispherotomy L
	1
	bilateral F spike-waves, R fast paroxysms
	Rhythmical spiking
	L FC or bilateral SW and fast paroxysms
	L FTP post-ischemic atrophy
	hypometabolism L FT
	n/a
	27

	12
	multilobar right hemispheric 
	F
	4
	4
	Hemispherotomy R
	1
	R FT theta discharges
	Rhythmical evolving discharge in delta/theta band
	R TO S
	R FT and C atrophic lesions
	hypermetabolism FT-insular
	Rasmussen encephalitis
	20

	13
	RFLE
	F
	6
	7
	Disconnection R F
	1
	bilateral F SW, R fast paroxysms
	Rhythmical spiking
	slow GSWD
	inconclusive
	hypometabolism temporal L and R F mesial
	non significant
	18

	14
	left posterior quadrant
	M
	0
	25
	Disconnection L TPO
	1
	L fronto-central late rythmic slow waves
	Rhythmical spiking
	R TO S, SW, delta rhythms
	L TO large FCD
	hypometabolism L TO
	n/a
	18

	15
	multilobar right hemisphere
	M
	1
	6
	Hemispherotomy R (2nd surgery after callosotomy)
	1
	R hemispheric fast activity, predominance fronto-temporal
	Fast paroxysmal activity (beta)
	R hemispheric SW, PSW
	R hemispheric post-ischemic lesions
	hypometabolism R peri-sylvian
	n/a
	12

	16
	right posterior quadrant
	F
	4
	21
	Cortectomy R TPO
	1
	R temporo-occipital theta discharge plus spikes
	Rhythmical evolving discharge in theta band
	R TO S, SW,PSW
	R posterior post-ischemic lesions
	hypometabolism R TP
	n/a
	12

	17
	LFLE
	M
	29
	43
	Lesionectomy L F (3rd surgery)
	5
	Bilateral FT theta/alpha discharge
	Rhythmical spiking
	R FT and L F S and slow waves
	L F tumour
	n/a
	oligoastrocytome
	18

	18
	RFLE
	M
	28
	54
	Lesionectomy R F
	4
	R and central F early fast paroxysms
	Fast paroxysmal activity (alpha)
	No IED
	R  F probably dysplasic lesion
	non significant
	FCD II a R F
	22

	19
	LFLE
	F
	0
	16
	Cortectomy L F
	4
	L hemispheric fast paroxysms, L fronto-central spike-waves
	1st type: Fast paroxysmal activity (alpha)
2nd type: Rhythmical spiking
	L hemispheric and  L FT, polymorphic
	gyration abnormality, L F orbital 
	hypometabolism F L
	non significant
	36

	20
	RFILE
	F
	4
	14
	Cortectomy R F and operculo-insular
	5
	R TC fast paroxysms and other slow discharges
	Rhythmical spiking
	R TCP slow activity
	no epileptogenic lesion
	negative
	Non significant
	19

	21
	RFILE
	M
	3
	5
	Cortectomy R F and operculo-insular
	5
	R FC slow activities 
	Rhythmical evolving discharge in delta/theta band
	R FCT S, fast paroxysms
	R F insular abnormality
	hypometabolism R insula
	non significant
	12

	22
	RFLE
	F
	5
	17
	Lesionectomy R F and opercular
	1
	R fronto-central fast paroxysms
	Fast paroxysmal activity (alpha)
	R FT S, SW
	R F FCD
	hypometabolism R F
	FCD II b R F
	18

	23
	LFTLE
	M
	20
	25
	Cortectomy L F
	5
	L frontal theta discharge
	Rhythmical evolving discharge in delta band
	GSWD, L FC S, L T slow S
	no epileptogenic lesion
	negative
	non significant
	12

	24
	RFLE
	M
	14
	23
	Lesionectomy R F
	1
	bilateral anterior polyspike discharge
	Fast paroxysmal activity (alpha)
	bilateral anterior slow waves and PS
	R F FCD
	negative
	non significant
	24




Table 1. Clinical records of the study population. F, frontal. I, insular. T, temporal. P, parietal. O, occipital. C, central. FCD, focal cortical dysplasia. IED, interictal epileptiform discharge. S, spikes. SW, spike-waves. PSW, polyspike-waves. GSWD, generalized spike-wave discharges.

	Seizure level (n = 24)
	ESI power
	ESI + FC

	Overall accuracy
	45% (C.I. 35 - 56%)*
	61% (C.I. 50 - 71%)*

	Sensitivity
	36% (C.I. 25 - 49%)
	52% (C.I. 40 - 64%)

	Specificity
	72% (C.I. 51 - 88%)
	84% (C.I. 64 - 95%)

	PPV
	78% (C.I. 64 - 88%)
	90% (C.I. 78 – 90%)

	NPV 
	29% (C.I. 23 - 36%)
	39% (C.I. 32 – 46%)

	Patient level (n = 18)
	ESI power
	ESI + FC
	ESI interictal

	Overall accuracy
	28% (C.I. 10 – 54%)‡
	67% (C.I. 41 – 87%)‡
	61% (C.I. 36 – 82%)

	Sensitivity
	17% (C.I. 2 – 48%)¥
	58% (C.I. 28 – 85%)¥
	58% (C.I. 28 – 85%)

	Specificity
	50% (C.I. 12 – 88%)
	83% (C.I. 36 – 99%)
	67% (C.I. 22 – 96%)

	PPV
	40% (C.I. 13 – 75%)
	88% (C.I. 52 – 98%)
	78% (C.I. 54 – 92%)

	NPV 
	23% (C.I. 11 – 41%)
	50% (C.I. 32 – 68%)
	44% (C.I. 25 – 66%)

	Agreement (n = 18)
	ESI power
	ESI + FC
	ESI interictal

	Cohen’s kappa
	0.37 (C.I. 0.21-0.53)
	0.64 (C.I. 0.50-0.78)
	0.75 (C.I. 0.64-0.85)


	chi-square test:*p= 0.04,  ‡p= 0.019,  ¥p= 0.035 
	
	
	


[bookmark: _Ref12961657]
Table 2. Accuracy measures at a seizure level (number of patients = 24, number of seizures = 94), and at a patient level (number of patients = 18), and inter-rater agreement (number of possible choices = 43). Statistical values with p <0.05 are reported. Inter-rater agreement is considered poor for k <0.2, fair for k 0.2-0.39, moderate for k 0.4-0.59, substantial for k 0.6-0.79 and excellent for k >0.8.
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SUPPLEMENTARY MATERIAL

	1
	orbitofrontal

	2
	frontopolar 

	3
	frontal superior mesial

	4
	dorsolateral frontal superior

	5
	dorsolateral frontal inferior

	6
	central mesial 

	7
	central lateral

	8
	parietal mesial

	9
	parietal lateral 

	10
	temporomesial

	11
	temporolateral 

	12
	temporopolar 

	13
	temporobasal

	14
	occipital mesial 

	15
	occipital lateral 

	16
	anterior operculo-insular 

	17
	posterior operculo-insular 

	18
	temporo-parieto-occipital junction 

	19
	anterior cingular 

	20
	middle cingular

	21
	posterior cingular






























Supplementary Material 1. Sublobar classification.




















	Number of patients
	24

	M
	13

	F
	11

	
	

	Mean age at epilepsy onset (years)
	6,26

	Min
	0

	Max
	29

	Mean age at surgery (years)
	16,6

	Min
	4

	Max
	54

	 
	 

	Seizure free at 1 year follow-up
	17

	Non-seizure free at 1 year follow-up
	7

	 
	 

	Epilepsy localization
	 

	FLE
	13

	other
	11

	 - multilobar ( >3 lobes)
	6

	
	

	 - posterior quadrant
	3

	 - FTLE (only frontal lobe operated)
	1

	 
	 

	Lesional epilepsy
	19

	Non-lesional epilepsy
	5

	 
	 

	Small resective surgery
	13

	 - lesionectomy
	5

	 - cortectomy
	6

	 - lesionectomy + cortectomy
	2

	Lobar disconnection
	5

	Hemispherotomy
	6






















Supplementary Material 2 Patients demographics. FLE, frontal lobe epilepsy. FTLE, fronto-temporal lobe epilepsy.



















	Patient
	Seizure
	N of channels used
	Band of interest
	Resection zone (sublobes involved)
	Seizure level
	Patient level

	
	
	
	
	
	ESI power (SPOW)
	ESI+FC (SCONN)
	clinical ESI power
	clinical ESI+FC
	clinical interictal ESI

	
	ILAE CLASS 1  patients
	
	
	
	
	
	

	1
	1
	19
	beta
	Orbitofrontal R, Frontopolar R, anterior cingular R
	D
	D
	Frontal lateral superior R
	inconclusive
	Operculo-insular anterior R

	
	2
	19
	beta
	
	D
	D
	
	
	

	
	3
	19
	beta
	
	D
	D
	
	
	

	
	4
	19
	beta
	
	D
	D
	
	
	

	
	5
	19
	beta
	
	D
	C
	
	
	

	2
	1
	19
	delta
	Orbitofrontal L, Frontopolar L, F lateral superior L, anterior cingular L, anterior operculo-insular L
	D
	D
	T polar L
	inconclusive
	T polar L

	
	2
	19
	theta
	
	D
	C
	
	
	

	
	3
	17
	delta
	
	D
	D
	
	
	

	
	4
	17
	delta
	
	D
	D
	
	
	

	3
	1
	19
	alpha
	R hemisphere
	D
	D
	n/a

	
	2
	18
	alpha
	
	D
	C
	

	4
	1
	19
	theta
	Central mesial R
	D
	D
	inconclusive
	inconclusive
	Central mesial R

	
	2
	19
	alpha
	
	D
	D
	
	
	

	
	3
	19
	theta
	
	D
	D
	
	
	

	
	4
	19
	alpha
	
	D
	D
	
	
	

	5
	1
	19
	theta
	Anterior cingular R, F superior mesial R
	D
	D
	inconclusive
	anterior cingular R
	T polar R

	
	2
	18
	theta
	
	D
	C
	
	
	

	7
	1
	19
	alpha
	Orbitofrontal R, Frontopolar R, F lateral superior R F lateral inferior R, F mesial R, anterior cingular R
	C
	C
	anterior cingular R
	anterior cingular R
	inconclusive

	
	2
	19
	alpha
	
	C
	C
	
	
	

	
	3
	19
	theta
	
	D
	D
	
	
	

	
	4
	19
	alpha
	
	C
	D
	
	
	

	
	5
	19
	theta
	
	C
	C
	
	
	

	
	6
	19
	alpha
	
	C
	C
	
	
	

	
	7
	19
	alpha
	
	C
	C
	
	
	

	8
	1
	17
	alpha
	Orbitofrontal R, Frontopolar R, F lateral superior R F lateral inferior R, F mesial R, anterior cingular R
	D
	C
	inconclusive
	Frontopolar R
	Frontopolar R

	
	2
	17
	theta
	
	D
	D
	
	
	

	
	3
	17
	alpha
	
	D
	C
	
	
	

	9
	1
	19
	alpha
	Occipital R, Parietal R, posterior operculo-insular R, TPO junction R, posterior cingular R
	C
	C
	TPO junction R
	TPO junction R
	inconclusive

	
	2
	19
	alpha
	
	C
	D
	
	
	

	
	3
	19
	alpha
	
	C
	C
	
	
	

	
	4
	19
	alpha
	
	C
	C
	
	
	

	
	5
	19
	alpha
	
	C
	D
	
	
	

	10
	1
	19
	theta
	L hemipshere
	D
	C
	n/a

	11
	1
	19
	theta
	L hemipshere
	D
	D
	n/a

	
	2
	19
	theta
	
	D
	C
	

	
	3
	19
	theta
	
	D
	C
	

	
	4
	19
	theta
	
	D
	C
	

	
	5
	19
	theta
	
	D
	C
	

	12
	1
	19
	theta
	R hemisphere
	C
	C
	n/a

	
	2
	19
	delta
	
	C
	C
	

	
	3
	19
	theta
	
	C
	C
	

	
	4
	19
	theta
	
	C
	D
	

	
	5
	19
	theta
	
	C
	C
	

	
	6
	19
	theta
	
	C
	C
	

	
	7
	19
	theta
	
	C
	D
	

	13
	1
	19
	theta
	Orbitofrontal R, Frontopolar R, F lateral superior R, anterior cingular R
	D
	D
	inconclusive
	inconclusive
	F lateral superior R

	
	2
	18
	theta
	
	C
	C
	
	
	

	
	3
	19
	theta
	
	D
	C
	
	
	

	
	4
	19
	theta
	
	C
	D
	
	
	

	
	5
	19
	theta
	
	D
	D
	
	
	

	14
	1
	19
	theta
	Occipital L, Parietal L, posterior operculo-insular L, TPO junction L, posterior cingular L
	D
	D
	inconclusive
	TPO junction L
	Occipital lateral L

	
	2
	19
	theta
	
	C
	C
	
	
	

	
	3
	19
	theta
	
	D
	D
	
	
	

	
	4
	19
	theta
	
	D
	C
	
	
	

	15
	1
	17
	beta
	R hemisphere
	C
	D
	n/a

	
	2
	18
	beta
	
	C
	C
	

	
	3
	17
	beta
	
	C
	C
	

	16
	1
	19
	theta
	Occipital R, Parietal R, posterior operculo-insular R, TPO junction R, posterior cingular R
	D
	D
	T mesial D
	Occipital lateral R
	Occipital lateral L R

	
	2
	19
	theta
	
	D
	C
	
	
	

	
	3
	18
	theta
	
	D
	D
	
	
	

	
	4
	19
	theta
	
	D
	C
	
	
	

	22
	1
	19
	alpha
	F lateral inferior R, operculo-insular ant R
	D
	C
	inconclusive
	operculo-insular anterior R
	F lateral inferior R

	
	2
	19
	alpha
	
	D
	D
	
	
	

	
	3
	19
	alpha
	
	D
	C
	
	
	

	
	4
	19
	alpha
	
	D
	C
	
	
	

	24
	1
	19
	alpha
	Orbitofrontal R, Frontopolar R
	D
	D
	inconclusive
	inconclusive
	Orbitofrontal R

	
	2
	19
	alpha
	
	D
	D
	
	
	

	
	3
	19
	alpha
	
	C
	D
	
	
	

	
	4
	19
	alpha
	
	D
	D
	
	
	

	
	ILAE CLASS 2-6 patients
	
	
	
	
	
	

	6
	1
	19
	beta
	L hemisphere
	D
	D
	n/a

	
	2
	19
	beta
	
	C
	D
	

	
	3
	19
	beta
	
	D
	D
	

	
	4
	19
	beta
	
	D
	D
	

	
	5
	19
	beta
	
	D
	D
	

	17
	1
	18
	theta
	F lateral superior L, F lateral inferior L, F mesial superior L, Frontopolar L
	C
	D
	Frontal superior lateral L
	inconclusive
	inconclusive

	18
	1
	18
	alpha
	F lateral inferior R, anterior operculo-insular R
	C
	C
	Operculo-insular anterior R
	F inferior lateral R
	inconclusive

	
	2
	18
	alpha
	
	C
	C
	
	
	

	
	3
	18
	alpha
	
	C
	D
	
	
	

	
	4
	18
	alpha
	
	C
	D
	
	
	

	
	5
	18
	alpha
	
	D
	D
	
	
	

	19
	1
	19
	alpha
	Orbitofrontal L, Frontopolar L
	D
	D
	inconclusive
	inconclusive
	Operculo-insular anterior L

	
	2
	19
	beta
	
	D
	D
	
	
	

	
	3
	19
	theta
	
	D
	D
	
	
	

	20
	1
	19
	delta
	F lateral inferior R, operculo-insular Ant R
	D
	D
	anterior cingular R
	Posterior cingular R
	Operculo-insular anterior R

	
	2
	19
	alpha
	
	D
	D
	
	
	

	
	3
	19
	alpha
	
	D
	C
	
	
	

	
	4
	19
	alpha
	
	D
	D
	
	
	

	
	5
	19
	alpha
	
	D
	D
	
	
	

	21
	1
	19
	theta
	F lateral inferior R, anterior operculo-insular R
	D
	D
	inconclusive
	inconclusive
	Operculo-insular posterior R

	
	2
	19
	theta
	
	D
	D
	
	
	

	
	3
	19
	theta
	
	D
	D
	
	
	

	
	4
	19
	theta
	
	D
	D
	
	
	

	
	5
	18
	delta
	
	D
	D
	
	
	

	23
	1
	19
	delta
	Frontopolar L, F superior mesial L
	C
	D
	Frontal superior mesial L
	inconclusive
	Frontopolar L



Supplementary Material 3. Sublobar concordance between resection zone, seizure level results and patient level results after clinical interpretation. Patients who underwent hemispherotomies were not included for patient level analysis. In green are shown correct localizations (positive/concordant for ILAE class 1-2, negative/discordant for ILAE class 3-6), in red incorrect localization, in blue the inconclusive results. C, concordant. D, discordant. ESI, electrical source imaging. FC, functional connectivity. SPOW, source with highest power based on ESI power. SCONN, source with highest out-degree based on ESI+FC. F, frontal. T, temporal. TPO, temporo-parieto-occipital.
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