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SUMMARY 

 

Objective: Our objective was to evaluate the relationship between scalp EEG and 

stereoelectroencephalography (SEEG) seizure onset patterns (SOPs) in patients with MRI-

negative drug-resistant focal epilepsy. 

Methods: We analysed retrospectively 41 patients without visible lesion on brain MRI who 

underwent video-EEG followed by SEEG. We defined five types of SOPs on scalp EEG and eight 

types on SEEG. We examined how various clinical variables affected scalp EEG SOPs. 

Results: The most prevalent scalp SOPs were rhythmic sinusoidal activity (56.8%), repetitive 

epileptiform discharges (22.7%), and paroxysmal fast activity (15.9%). The presence of 

paroxysmal fast activity on scalp EEG was always seen without delay from clinical onset and 

correlated with the presence of low-voltage fast activity in SEEG (sensitivity = 22.6%, 

specificity = 100%). The main factor explaining the discrepancy between the scalp and SEEG 

SOPs was the delay between clinical and scalp EEG onset. There was a correlation between 

the scalp and SEEG SOPs when the scalp onset was simultaneous with the clinical onset 

(p=0.026). A significant delay between clinical and scalp discharge onset was observed in 25% 

of patients and featured always with a rhythmic sinusoidal activity on scalp, corresponding to 

similar morphology of the discharge on SEEG. The presence of repetitive epileptiform 

discharges on scalp was associated with an underlying focal cortical dysplasia (sensitivity = 

30%, specificity = 90%). There was no significant association between the scalp SOPs and the 

epileptogenic zone location (deep or superficial), or surgical outcome. 

Significance: In patients with MRI-negative focal epilepsies, scalp SOP could suggest the SEEG 

SOP and some aetiology (focal cortical dysplasia) but has no correlation with surgical 

prognosis. Scalp SOP correlates with the SEEG SOP in cases of simultaneous EEG and clinical 

onset, otherwise scalp SOP reflects the propagation of the SEEG discharge.  
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PLAIN LANGUAGE SUMMARY 

 

We looked at the correspondence between the electrical activity recorded during the start of 

focal seizure using scalp or intracerebral electrodes in patients with no visible lesion on MRI. 

If there is a fast activity on scalp, it reflects similar activity inside the brain. We found a good 

correspondence between scalp and intracerebral electrical activity for cases without 

significant delay between clinical and scalp electrical onset (seen in 75% of the cases we 

studied). Visualizing repetitive epileptic activity on scalp could suggest a particular cause of 

the epilepsy: a subtype of brain malformation called focal cortical dysplasia.   

 

 

Keyword: focal epilepsy, drug resistant epilepsy, epilepsy surgery, SEEG, scalp-EEG, seizure 

onset pattern 

 

 

 

KEY POINTS 

 

• The most prevalent scalp SOPs were rhythmic sinusoidal activity, repetitive epileptiform 

discharges, and paroxysmal fast activity 

• Paroxysmal fast activity on scalp was always seen without delay from clinical onset and 

was highly specific of low-voltage fast activity in SEEG  

• There was a significant delay between clinical and scalp onset in 25% of patients with 

always a rhythmic sinusoidal activity on scalp  

• There was a correlation between the scalp and SEEG SOPs when the scalp onset was 

simultaneous with the clinical onset 

• Repetitive epileptiform discharges on scalp suggested an underlying focal cortical 

dysplasia 
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MAIN BODY 

 

1. INTRODUCTION  

  

For patients with focal epilepsy who do not respond to antiseizure medication, epilepsy 

surgery is the most effective treatment. To achieve a successful surgical outcome, it is 

important to accurately identify the epileptogenic zone (EZ) through a comprehensive pre-

surgical evaluation that includes clinical, electrophysiological, and imaging data. During this 

evaluation, video-EEG recording of seizures is crucial for building hypotheses about the EZ, 

based on the analyses of ictal semiology and associated EEG changes. Several factors can 

influence the detectability of ictal discharges on scalp EEG: size, depth and orientation of the 

cortical sources of ictal activity, level of synchronization of neuronal populations, features of 

physiological background activity, and skull conductivity1–5. Thus, the diagnostic and localizing 

performances of scalp EEG are limited. Conversely, intracerebral electrodes can directly 

record local field potentials from the brain structures generating and propagating seizures. 

The SEEG thus provides a high spatial resolution and a more precise detection of spatially 

limited discharges, as well as an improved signal-to-noise ratio thanks to considerable 

reduction of artefacts (e.g., ictal movements which often obscure scalp EEG recording). 

However, unlike the non-invasive whole-brain electrophysiological approaches such as 

electro-magnetic source imaging, SEEG ability to detect the EZ is limited by the number and 

position of the implanted electrodes (incomplete spatial sampling). To optimize the EZ 

localization through scalp EEG in a given patient, it is thus essential to take the advantages of 

both techniques and search for correlations between the electrical activities recorded on 

SEEG and on the scalp during seizures.  

In recent decades, increasing attention has been drawn to the scalp 6–10  and SEEG 11–13 seizure 

onset pattern (SOP). However, only a few studies have examined the relationships between 

them 14–18, mostly in cases of temporal lobe epilepsy. One study assessed such correlations in 

patients with MRI-visible lesion 17, showing that the scalp SOP could inform on the SEEG SOP, 

the underlying lesion, as well as the depth of the EZ location. In the present work, we aimed 

to assess the correlations between the scalp and SEEG SOPs in patients with negative MRI, 
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known to be particularly challenging candidates for epilepsy surgery. Additionally, we aimed 

to identify factors that explain cases of discrepancy between scalp and SEEG SOP.  

2. MATERIALS AND METHODS  

  

2.1 Patients selection 

  

We retrospectively analysed all patients with a brain MRI without visible lesion (reviewed in 

multidisciplinary meeting) who underwent SEEG in our department as part of their presurgical 

evaluation for focal drug-resistant epilepsy from March 2011 to September 2021. All patients 

had a complete presurgical work-up, including medical history, neurological examination, 

brain MRI, cerebral positron emission tomography, and scalp video-EEG recording. We 

included patients with at least one typical spontaneous seizure recorded on both scalp EEG 

and SEEG. The study was approved by the Institutional Review Board of the APHM (NHLS4Y), 

and the included patients provided written informed consent. 

 

2.2 Scalp and SEEG recordings  

 

Scalp EEGs were recorded using the international 10-20 system with additional electrodes 

exploring the basal temporal regions and temporal poles (FT9, TP9, FT10, and TP10). SEEG 

recordings were performed using intracerebral multiple contact electrodes (DIXI© or Alcis©, 

10–15 contacts with length 2 mm, diameter 0.8 mm, and 1.5 mm apart 19). SEEG electrodes 

were implanted for each patient based on EZ localization hypotheses inferred from non-

invasive evaluation. Pre-implantation MRI and post-implantation CT were fused to locate 

each electrode contact within the brain 20. Signals were recorded on a 128- or 256-channel 

Natus© system, sampled at 256, 512, or 1024 Hz depending on EEG/SEEG modalities and year 

of recording. Partial or complete antiseizure medication withdrawal was performed to 

facilitate the recording of seizures.  

  

2.3 Matching scalp and intracerebral ictal recordings 

 

Only spontaneous clinical and electrographic seizures were analysed, and not those induced 

by electrical stimulation in SEEG. The SOP was considered as the first sustained electrographic 
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change clearly distinguishable from background activity. All recorded seizures were evaluated 

by two trained electroencephalographers blinded to patients’ clinical data (AB, SL).  Since 

scalp and intracerebral EEG were not recorded simultaneously, we used previously published 

methodology to match scalp EEG and SEEG recorded seizures 17. For each individual seizure, 

whether recorded with scalp-EEG or SEEG, we defined three main features 1) topography 

(with lobar precision (e.g., temporal) in EEG and sublobar precision (e.g., mesio-temporal) in 

SEEG), 2) morphology of the SOP (see paragraph 2.4) and 3) semiology. Subsequently, for each 

patient we compared these criteria across all seizures of a same modality (scalp-EEG or SEEG). 

If these seizures did not present the exact same features, we defined different seizure types 

(specific to a modality). For instance, if a patient exhibited independent multifocal EZ, seizures 

arising from distinct EZ were considered as different seizure types due to their localization. 

Additionally significant differences in semiology between two seizures, even without clear 

difference in topography, resulted in their classification as different seizure types. Finally, 

seizure types between scalp-EEG and SEEG were matched based on the comparison of two 

criteria: 1) topography and 2) semiology. A match required similar semiology and a scalp-EEG 

projection that concurred with the SEEG data. This matching process was relatively 

straightforward in cases with bilateral EZ or multiple seizure semiology. However, it was more 

challenging in other scenarios such as a patient with a posterior EZ identified on SEEG but 

exhibiting a projection on anterior temporal in scalp-EEG; in such instances, a mismatch was 

acknowledged. Disagreements between experts were solved by discussion and seizure types 

that could not be confidently matched were excluded from subsequent analyses (details 

about matching procedure can be found in supplementary figure 1). 

  

2.4 Seizure onset pattern analysis 

  

For each scalp and SEEG seizure type, the SOP was determined through visual and time-

frequency analysis.  

For scalp recordings we found five SOPs (Figure 1):  

1. Rhythmic Sinusoidal Activity (RSA) <13 Hz  

2. Repetitive Epileptiform Discharges (RED): (pseudo-)periodic spike-and-wave or sharp-

and-wave or spikes <13 Hz, without rhythmic sinusoidal activity  

3. Paroxysmal Fast Activity (PFA): low amplitude fast discharges ≥13 Hz  
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4. Attenuation: reduction of > 50 % of the background activity with a voltage ≤ 10 µV 

5. Obscured: no visible EEG pattern because of artifacts at seizure onset  

For the statistical analysis, we excluded scalp seizures categorized as obscured SOP.  

For SEEG recordings we used the eight previously published SOP 12:  

1. Low-voltage fast activity (LVFA): rhythmic fast oscillations (>14 Hz) of low amplitude 

(<30 μV) starting without other initial apparent changes 

2. Preictal spiking with rhythmic spikes of low frequency (classically ≤3 Hz), high 

amplitude, and prolonged duration (>5 seconds, median = 20 seconds) followed by 

LVFA (usually of lower frequency than isolated LVFA) 

3. Burst of polyspikes of high frequency (typically >12Hz) with high amplitude and short 

duration (<5 seconds) followed by LVFA 

4. Slow wave or baseline shift (equal to DC shift) followed by LVFA 

5. Rhythmic spikes or spike-waves, of low frequency (usually >6 Hz and constantly <14 

Hz) and with high amplitude 

6. Sharp theta/alpha activity with sinusoidal activity of low frequency (lower than LVFA, 

median = 9.5 Hz), median initial amplitude (higher than LVFA), and progressively 

increasing amplitude 

7. Sharp beta activity with sinusoid activity of beta-band frequency (lower than LVFA), 

median initial amplitude (higher than LVFA), and progressively increasing amplitude 

8. Delta-brush, with bursts of low-amplitude rapid activity (within gamma frequency 

bands) superimposed upon low-frequency (delta) sinusoidal activity 

 

For patients presenting different SOPs for the same seizure type, we retained the 

predominant SOP both for scalp EEG and SEEG. In patients with a scalp EEG SOP occurring 

after clinical onset (delay = t), we additionally analysed the morphology of the SEEG ictal 

discharge at the time t, equal to the delay between clinical and scalp EEG onset.  

 

2.5 Clinical variables 

 

The EZ was defined using visual analysis of SEEG seizures, complemented by a quantitative 

method (epileptogenicity index21). We classified patients in ten subgroups, according to their 

EZ location: mesio-temporal, temporal lateral, mesio-lateral temporal, temporal plus, 
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bitemporal, frontal, frontal plus, operculo-insular, parietal, and occipital plus. Each patient’s 

EZ was further defined as deep (mesial part of the brain hemispheres, orbitofrontal region, 

and insula) or superficial (other locations or association of both deep and superficial EZ). The 

neuropathological diagnosis of patients who underwent resective surgery was reported 

according to current International League Against Epilepsy classifications 22,23. Surgical 

outcome was assessed regularly during post-operative follow-up and rated according to Engel 

classification 24. Engel score from the last available follow-up was used for statistical analyses. 

 

2.6 Statistical analysis  

  

We computed sensitivity and specificity for some specific scalp SOP to assess their predictive 

value for certain variables (e.g., SEEG SOP, depth of EZ, aetiology). We started by testing the 

significance for the overall association between scalp-EEG and SEEG SOP. Then, we focused 

on this association 1) for patients without delay between clinical and scalp-EEG onset, and 2) 

between the scalp SOP and the morphology of the discharge on SEEG after a time equal to 

the delay between clinical and scalp EEG onset. We also looked for any statistically significant 

differences between patients with / without such delay. Additionally, we examined the 

influence of the depth of the EZ on the scalp SOP, and whether there was any significant 

association between scalp-EEG and SEEG SOP in the subgroups with deep and superficial EZ. 

Finally, we tested the association between scalp-EEG SOP and others clinical variables: 

aetiology, patients’ eligibility for surgery, Engel’s scores, age at SEEG, duration of epilepsy 

before SEEG, EZ localisation, and sex. Fisher’s exact test was used for categorical data, and 

Kruskal-Wallis test for continuous data. Statistical significance was set at p-value < 0.05. 

Statistical analyses were performed with the software SPSS Statistics for Mac, version 22 

(IBM). 

 

 

3. RESULTS  

  

3.1 Population 
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We identified 59 patients fitting our inclusion criteria. Among those, 16 were excluded 

because their scalp EEG was performed outside our centre. Two more patients were excluded 

as they did not present spontaneous seizure on SEEG and/or scalp EEG monitoring. A final 

number of 41 patients (20 women, median age at scalp EEG = 27 years), with 279 habitual 

seizures (136 on scalp EEG, 143 on SEEG) were analysed. Patients’ demographic data are 

summarized in Table 1. Almost all EZ localization were represented. Twenty patients 

underwent surgery with histology being focal cortical dysplasia (FCD) type I in six cases (30%), 

FCD type II in three (15%), FCD type III in one (5%), hippocampal sclerosis in one (5%), aspecific 

in four (20%) and gliosis in five (25%). At the latest available follow-up (mean = 66 months, SD 

= 44), seven patients were Engel class I, two Engel class II, three Engel class III and eight Engel 

class IV. The remaining 21 patients (51%) did not undergo surgery after SEEG because of 

contraindications (bilateral EZ or involving eloquent structures, n=15, 36.6%) or other reasons 

(personal preference, improvement after thermocoagulation).  

 

3.2 Matching scalp and intracerebral SOP  

  

Forty-nine seizure types were identified on scalp-EEG (47 clinical and two electrographic), and 

53 on SEEG (48 clinical and five electrographic). Eight SEEG-recorded seizure types showed 

SOP variation from one seizure to another. The predominant SOP was retained for further 

analysis. Four scalp-EEG seizure types (three clinical and one electrographic) and eight SEEG 

seizure types (four clinical and four electrographic) could not be matched and were excluded 

from the analysis. A total of 45 pairs of SOPs were matched between scalp EEG and SEEG 

seizures. One of the remaining scalp SOP was categorized as an obscured pattern 

(corresponding to a sharp beta activity as SOP on SEEG), precluding it from further analysis 

(Figure 2A). 

 

3.3 Association between Scalp-EEG and SEEG SOP 

  

The most frequent scalp SOP was RSA (56.8 %), followed by RED (22.7 %), PFA (15.9 %), and 

attenuation (4.5 %) (Figure 2B). The most frequent SEEG SOP was slow wave or baseline shift 

followed by LVFA (34.1 %), followed by rhythmic spikes or spike-waves and LVFA (18.2% both), 

preictal spiking followed by LVFA (13.6 %), sharp theta-alpha activity (1.4 %), burst of 
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polyspikes followed by LVFA and delta brush (2.3 % both). Associations between matched 

scalp and SEEG SOPs are shown in Figure 3A. Scalp PFA was only observed when a LVFA was 

visible on SEEG SOP, but some cases with LVFA on SEEG SOP did not exhibit a PFA SOP on 

scalp EEG (p= 0.086, sensitivity = 22.6%, specificity = 100%). Only 68% of RSA and 40% of RED 

on scalp were associated with SEEG SOP including an LVFA. Scalp RSA and RED further 

matched with almost all types of SEEG SOPs. Overall, scalp SOPs were not significantly 

associated with SEEG SOPs (p = 0.161).  

 

3.4 Impact of the delay of appearance of the scalp SOP 

 

Ten patients (24.4%) presented a delay between clinical and scalp EEG onset. The time t equal 

to the delay between clinical and scalp EEG onset was in median of 9.75 seconds (range 5-

32.5 seconds). All these patients featured RSA as scalp EEG SOP (p=0.03, sensitivity = 100% 

and specificity = 70% to predict the existence of a delay). All types of SEEG SOP were observed 

in these patients, except burst of polyspikes followed by LVFA. Regarding patients without 

such delay, all types of scalp-EEG SOP (14 RSA, 10 RED, 7 PFA and 2 attenuation), and SEEG 

SOP, except delta-brush (10 slow-wave followed by LVFA, 7 rhythmic spikes, 6 LVFA, 5 pre-

ictal spiking, 5 sharp theta-alpha activity and 1 burst of polyspikes) were observed. The 

existence of a delay between clinical and scalp EEG onset was not significantly associated with 

the following factors: SEEG SOP, depth of the EZ, type of epilepsy, histology, or surgical 

outcome. However, we found that 80% of patients with delayed scalp EEG SOP had a SEEG 

SOP including LVFA (compared to 68% in those without delayed scalp SOP). At the time t, 

most patients (n=8, 80%) showed slow SEEG ictal discharge (theta-alpha activity in five 

patients, rhythmic spikes in three). In six of these eight patients (75%), the initial SEEG SOP 

involved LVFA (preceded by a slow wave or baseline shift for five of these patients), which 

slowed down and increased in amplitude at the time t. For the two patients whose LVFA was 

still visible on SEEG at the time t, the LVFA was spatially limited to only a few SEEG contacts 

(Heschl gyrus for one, planum temporal and amygdala for the other), with concomitant 

slowing of background activity on the surrounding contacts. In patients with scalp SOP starting 

without delay from clinical onset, we found a statistically significant association between 

scalp and SEEG SOPs (p = 0.026, Figure 3B). Then, paroxysmal fact activity on scalp was 

associated in more than 70% of cases with slow wave followed by LVFA on SEEG. Repetitive 
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epileptiform discharge on scalp was associated in 40% with rhythmic spikes and spikes-waves 

on SEEG. The distribution was more balanced for rhythmic sinusoidal activity (associated with 

SEEG SOP including or not LVFA) and attenuation as scalp-EEG SOP (always associated with 

SEEG SOP including LVFA). We also found a statistically significant association between the 

scalp SOP and the morphology of the SEEG ictal discharge at the time t (p = 0.003). 

 

3.5 Impact of the depth of the EZ  

  

Among the 44 matching seizure types, the EZ had a superficial location in 22 and deep 

locations in 22. A scalp EEG onset starting after the clinical onset was seen in 21.7% of seizures 

with a deep EZ and in 27.2% of those with a superficial EZ. Attenuation SOP on scalp EEG was 

only observed in seizures with a superficial EZ (n=2). A slight majority of PFA on scalp was seen 

in the cases with superficial EZ (57.1%, sensitivity = 13.6%, specificity = 81.8%), most of RED 

were seen in the cases with deep EZ (70%, sensitivity = 31.8%, specificity = 86.3%), and RSA 

was seen as often in case of deep or superficial EZ (48/52%, sensitivity = 54.6%, specificity = 

40.9% for superficial) (supplementary figure 2). Statistically, scalp SOPs were not significantly 

associated with the depth of the EZ (p=0.32). 

The distribution of the SEEG SOPs matched to the scalp SOP depending on the depth of the 

EZ is shown in supplementary figures 3. Among the 22 pairs of matched seizure types with a 

superficial EZ: attenuation on scalp matched with slow wave followed by LVFA and LVFA 

patterns on SEEG; PFA with pre-ictal spiking and slow wave followed by LVFA; RED with pre-

ictal spiking, rhythmic spikes and sharp theta alpha activity; and RSA with all types of SEEG 

SOPs. Among the 22 analysed pairs of matching seizure types with a deep EZ: PFA on scalp 

matched only with slow wave followed by LVFA on SEEG; RED with rhythmic spikes, slow wave 

followed by LVFA, pre-ictal spiking and sharp theta alpha activity; and RSA with slow wave 

followed by LVFA, LVFA, rhythmic spikes and sharp theta alpha. Statistically, there was no 

significant association between scalp and SEEG SOPs, neither within the superficial (p = 0.82) 

nor the deep (p = 0.45) EZ sub-groups.  

  

3.6 Association with other variables   
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Out of the 20 patients operated, it was observed that scalp EEG REDs were mostly found in 

patients with an underlying FCD (75% of patients with RED, sensitivity = 30%, specificity = 

90%, p=0.228). However, it is worth noting that some patients with FCD also had other 

types of scalp SOPs. The other scalp EEG SOPs were not explicitly linked to specific 

histological subgroups (Figure 4). There was no significant association between scalp SOPs 

and the following variables: patients’ eligibility for surgery (conclusion of multidisciplinary 

meeting following SEEG, p=0.246, supplementary figure 4), Engel scores (p=0.378, 

supplementary figures 5), age at SEEG (p=0.659), duration of epilepsy before SEEG 

(p=0.352), EZ localisation (p=0.227), and sex (p=0.216). Conversely, SEEG SOPs were 

associated with the patients’ Engel scores: patterns involving LVFA were associated with 

better outcomes (41.7% of seizure-freedom vs. 25% in patients with SOPs without LVFA, 

p=0.017).   

 

   4. DISCUSSION 

  

The purpose of this study was to assess the correlation between the scalp and SEEG SOPs 

in patients with focal drug-resistant epilepsy and negative MRI. This research builds upon 

previously published data about lesional epilepsy17. Our main findings are:  

1. The most frequently observed scalp SOP is RSA (less than 13 Hz), which is consistent 

with findings in patients with lesional MRI 17 and temporal lobe epilepsies 14–16. 

2. There is a correlation between scalp EEG and SEEG SOPs in patients without delay 

between clinical and scalp EEG onset. 

3. PFA is seen in about 16% of the patients on scalp, always simultaneous to clinical onset, 

and always reflecting a SEEG SOP including an LVFA. 

4. In a quarter of patients there is a delay between clinical and scalp EEG onset (always 

presenting with RSA) corresponding to the evolution of the SEEG ictal discharge.  

5. RED on scalp are evocative of an underlying FCD. 

Our analyses suggest that scalp SOP is correlated with the morphology of the ictal discharge 

on SEEG at the time t equal to the delay between clinical and scalp EEG onset. Not 

surprisingly, we also found that PFA could be seen on scalp EEG in about 16% of the 

patients, simultaneously to clinical onset and was associated with SEEG SOPs including an 

LVFA. We did not find a significant over-representation of PFA on scalp in case of superficial 
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EZ, conversely to previous studies 5,6,8,10. This could be explained by the relatively low 

number of PFA in our cohort (n=7). Indeed, the amplitude of the EEG signal is inversely 

proportional to the square of the source-to-surface distance 1 and low frequencies increase 

while high frequencies decrease with this distance 2. It is essential to pay attention to the 

timing of scalp SOP appearance from clinical onset in patients with scalp SOPs other than 

PFA, because some delayed scalp SOP might reflect the evolution of the intracerebral 

discharge to slower frequencies and higher amplitudes. In our cohort, a significant delay 

was found in about a quarter of the patients without PFA, with a mean lag of 10 seconds. 

These delayed scalp discharges were always RSA on scalp and mostly correlated with similar 

discharges on SEEG, possibly reflecting a propagation from the EZ. Actually, theta/alpha 

activity is a frequent propagation pattern in SEEG, observed in more than 50% of cases 11,27. 

It has been explained in computational models by the combination of gradual recruitment 

of the local cortex (ictal wavefront) and sensor-to-source projection 28. This delayed 

appearance reflects the intracerebral dynamic and is probably due to several factors 

influencing the visibility of the electrical brain activity on the scalp. First, a sufficient cortical 

area (6-10 cm2) needs to be activated by the ictal discharge 2,5, as largely described for 

mesio-temporal seizures propagating to basal and lateral temporal areas 6,16,17,29–33.  

Second, the magnitude of the ictal discharge, particularly the ratio over the background 

amplitude, significantly impacts its visibility due to the attenuation by the skull and scalp, 

especially for fast, low-voltage activities 2,34. Third, high synchrony is needed to generate 

ictal patterns visible on scalp EEG 2,5,16. Conversely, decreased synchrony has been 

demonstrated through functional connectivity analysis during intracerebral LVFA 35,36,  

which might explain the "attenuation" scalp discharge sometimes correlated with 

intracerebral LVFA on the neocortex 16,18,26. Other factors influencing the delayed 

appearance of the scalp ictal discharges may be the difficulties in distinguishing small PFA 

on the scalp from physiological (e.g. rhythms of frontocentral area) or muscular activities, 

as well as the curved geometry of some generators such as hippocampus, amygdala or 

bottom of sulcus, that could lead to electrical field cancellation 3. All these factors explain 

how some electrical seizures of short duration and confined to limited brain volume may 

be missed on scalp recordings in a significant number of cases 15,16,18,37. This delayed 

appearance should be considered as an important confounding factor for ictal electrical 

source imaging (i.e., proceeding to signal analysis before the visible scalp discharge) 38. 
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Another interesting finding is the association between RED and an underlying FCD. Despite 

improvements in imaging techniques and computer-assisted postprocessing 39–41, a 

significant percentage of FCD (especially type I) remains undetected in clinically used 

imaging. Because some FCD subtypes (particularly type II) are associated with favourable 

surgical outcome 42,43, the effort to find a neurophysiological biomarker that could suggest 

their presence in patients with negative MRI is essential. Some studies have suggested 

evocative interictal EEG patterns 44–47 but less is known about their scalp SOPs. Tanaka and 

colleagues have suggested that fast-frequency scalp SOPs could help the clinician suspect 

a cortical development malformation (not limited to FCD) 17. This RED SOP probably 

corresponds to the pre-ictal spiking or burst of polyspikes prior to LVFA patterns observed 

in SEEG 48. This scalp SOP should help clinicians to motivate SEEG because of a high 

suspicion of FCD and a potentially favourable surgical outcome. 

In contrast to SEEG, scalp SOPs showed no significant association with our patients' surgical 

eligibility and outcome. Similar findings were reported in temporal lobe epilepsy 8. Indeed, 

scalp SOPs are not very specific to a particular EZ localization 18, and other more critical 

factors might have a more significant impact on the outcome 49. Another explanation may 

be low statistical power due to the limited number of patients operated on in our study 

(n=20).  

Our study has some limitations, the first being that scalp EEG and SEEG were recorded 

separately. Given a certain intra-individual variability in electrical seizure organization, the 

scalp SOP that would have been recorded simultaneously during SEEG monitoring might 

differ from the one recorded during video-EEG monitoring. However, a previous study has 

shown that scalp SOPs do not vary significantly between scalp-EEG only and simultaneous 

scalp-SEEG recordings in the same patient 16. Our mean delay between clinical and scalp 

EEG onset may also be an underestimation of the delay between SEEG and scalp EEG 

discharge onset (that could only be estimated using simultaneous recordings), and we may 

have underestimated the number of patients with such a delay between SEEG and scalp 

EEG onset (higher in another study 37). That could lead to underestimating the concordance 

between scalp and SEEG ictal discharge morphology at the time of scalp visibility. However, 

the delay of appearance of the scalp SOP in our study is similar to previous studies using 

simultaneous recordings 16,37. A recent study on SEEG correlates of scalp EEG ictal 

discharges used simultaneous recordings 18, and described six different clusters that 
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combine morphology and EZ localization (including “normal” and “blurred” EEG clusters). 

Theta/delta temporal scalp discharges were mainly associated with prolonged mesio-

temporal discharges (starting with or without LVFA on SEEG) but more rarely with frontal, 

parietal, or insulo-opercular EZ (reflecting propagation). Alpha/slow waves posterior scalp 

discharges were associated mainly with LVFA coming from temporal, parietal and occipital 

EZ (but also seen in multilobar and insulo-opercular EZ). Paroxysmal fast activity and pre-

ictal spiking over frontal scalp electrodes were associated with LVFA originating mainly 

from frontal dorsal EZ (although also seen in temporal or parietal EZ). Finally, diffuse 

suppression on the scalp was associated with LVFA on SEEG and was particularly frequent 

in the case of temporal or insulo-opercular, mesial and/or ventral EZ. Overall, the scalp SOP 

frequently reflected the propagation of the ictal discharge and lacked specificity concerning 

EZ localization, which is in concordance with our findings.  

Secondly, a subset of our patients either did not undergo resective surgery or did not 

achieve seizure-freedom after SEEG-guided resection. Several factors may account for 

these outcomes, including an excessively broad EZ or its overlap with eloquent cortices. 

Notably, it cannot be excluded that in some of these patients, the EZ was not perfectly 

delineated by the SEEG, especially in this population of patients with negative MRI. This 

could explain the observed absence of significant association between scalp-EEG SOP and 

the depth of the EZ, and may have influenced our analysis of SEEG ictal activity at the delay 

between clinical and scalp-EEG onset. A third limitation is the relatively small sample size 

of our cohort due to our focus on the challenging population of patients with negative MRI 

aiming to complement previous findings on MRI-visible lesional epilepsy 17. It limits the 

statistical power of our analyses, and might explain the low prevalence of attenuation as 

scalp SOP in our cohort compared to others, particularly concerning mesio-temporal 

seizures 16. For instance, we only analysed seven patients with frontal epilepsy that could 

explain the low prevalence of attenuation as scalp SOP, and the absence of significant 

association between deep EZ and these SOP. Additionally, we only found three patients 

with FCD and RED as scalp SOP. Consequently, the association between these two variables 

necessitates validation through subsequent investigations involving a larger patient cohort. 

To ensure a thorough characterization of electrophysiological data, we opted for a detailed 

categorization of both scalp-EEG and SEEG SOP. This approach resulted in limited numbers 

of observations in some subcategories, thereby limiting statistical power. To overcome this 
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limitation, potential strategies include adopting a simpler classification scheme or focusing 

on specific SOP subtypes in larger cohort.  Finally, the added value of signal analysis 

methods such as independent component analysis might be worth future investigation, to 

improve the relevance of scalp SOP50.   

 

 5.  CONCLUSION 

 

Low frequency RSA are the most frequent scalp SOPs in patients with focal MRI-negative 

epilepsy. A good correlation exists between the scalp and the SEEG SOP if there is no 

significant delay between clinical and scalp EEG onset. However, in about a quarter of 

patients, RSA appeared on the scalp several seconds after clinical onset, reflecting the 

evolution and/or propagation of the SEEG discharge at that time. REDs on the scalp may be 

evocative of an underlying FCD even in patients with negative MRI. Our findings may help 

clinicians facing the challenging population of patients with negative MRI. They may be the 

premise of future studies on ictal electrical source imaging with an improved methodology.  
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TABLES 

 

Table 1. Patients’ demographic characteristics 
 Total population (n=41) 
Gender, male, n 21 (51%) 
Age at epilepsy onset, y, median (sd) 12.8 (8.9) 
Age at scalp video EEG recording, y, median (sd) 27 (13.8) 
Age at SEEG recording, y, median (sd) 28.7 (13.8) 
Epilepsy duration before SEEG, y, median (sd) 14.5 (10.3) 
Presence of familial history of epilepsy, n (%) 6 (14.6) 
Epilepsy type, n (%)  

Mesio-temporal 8 (19.5) 
Lateral temporal 6 (14.6) 
Mesio-lateral temporal 3 (7.3) 
Temporal plus 7 (17.1) 
Bitemporal 1 (2.4) 
Operculo-insular 5 (12.2) 
Frontal 6 (14.6) 
Frontal plus 1 (2.4) 
Parietal 2 (4.9) 
Occipital + 2 (4.9) 

Patients who underwent surgery, n (%) 20 (48) 
 Histology, n/N (%)  
  FCD type I 6/20 (30) 
  FCD type II 3/20 (15) 
  FCD type III 1/20 (5) 
  Hippocampal sclerosis 1/20 (5) 
  Gliosis 5/20 (25) 
  Aspecific 4/20 (20) 
 Surgical outcome at last follow-up, n/N (%)  
  Engel I 7/20 (35) 
  Engel II 2/20 (10) 
  Engel III 3/20 (15) 
  Engel IV 8/20 (40) 

 
FCD = Focal Cortical Dysplasia  
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Table 2. Patients with delayed discharge on scalp (n=10) 

SEEG SOP 
Delay (t) between clinical and 

scalp onset (in seconds) 
Scalp EEG SOP 

Morphology of the SEEG  

discharge after a time = t 

SW 15 RSA RS 

STA 32.5 RSA STA 

LVFA 15 RSA STA 

DB 7.5 RSA LVFA 

SW 9.5 RSA STA 

SW 7.5 RSA RS 

LVFA 5.1 RSA LVFA 

RS 5 RSA RS 

SW 12.1 RSA STA 

SW 10 RSA STA 

  

SW = Slow wave or baseline shift followed by LVFA; DB = Delta Brush; STA = Sharp theta/alpha 

activity; RSA = Rhythmic sinusoidal Activity; LVFA = Low Voltage Fast activity; RS = Rhythmic 

Spikes.  
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FIGURES LEGENDS 
 

 

Figure 1. Examples of Scalp EEG SOP: 

A) Rhythmic sinusoidal activity (RSA), 

B) Repetitive epileptiform discharges (RED), 

C) Paroxysmal fast activity (PFA),  

D) Attenuation. 

Longitudinal montage, 20 sec per page (1 sec between each orange line), notch filtered (50Hz), 

high-pass filter (0.53 Hz), low-pass filter 70 Hz). SOP: Seizure Onset Pattern. 

 

Figure 2A. Flow chart showing the inclusion of the patients and the process of defining and 

matching seizure type on scalp and on SEEG. 

 

Figure 2B. Pie chart representing the prevalence of scalp-EEG SOP. 

SOP: Seizure Onset Pattern. 

 

Figure 3A. Histogram showing the overall repartition of the SEEG SOP according to scalp EEG 

SOP.  

LVFA = Low Voltage Fast Activity, SOP: Seizure Onset Pattern. 

 

Figure 3B. Histogram showing the repartition of the SEEG SOP according to scalp EEG only in 

cases without delay between clinical and scalp onset. 

LVFA = Low Voltage Fast Activity.  

 

Figure 4. Histogram showing the repartition of the scalp SOP according to the underlying 

histology.  

FCD = Focal Cortical Dysplasia, SOP: Seizure Onset Pattern. 
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SUPPORTING INFORMATION 

 

Supplementary Figure 1. Procedure outline for defining seizure types and matching them 

between scalp-EEG and SEEG. 

 

Supplementary Figure 2. Histogram showing the repartition of the epileptogenic zone (EZ) 

depth according to the scalp SOP. 

SOP: Seizure Onset Pattern. 

 

Supplementary Figure 3. Histogram showing the repartition of the SEEG SOP according to the 

scalp EEG SOP in the sub-groups of patients with superficial (A) and deep EZ (B).  

LVFA = Low Voltage Fast Activity, EZ: Epileptogenic Zone, SOP: Seizure Onset Pattern. 

 

Supplementary Figure 4: Histogram showing the repartition of the eligibility to surgery 

(contraindicated or not) according to scalp and SEEG SOP.  

SOP: Seizure Onset Pattern. 

 

Supplementary Figure 5: Histogram showing the repartition of the postsurgical seizure 

outcome (Engel score) according to scalp and SEEG SOP.  

SOP: Seizure Onset Pattern. 
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