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Abstract

Purpose: To investigate methodologies for detecting seizure patterns using simultaneous
scalp EEG (scEEG) and stereo-EEG (SEEG) recordings. By leveraging these advanced
electroencephalographic techniques, we aim to address challenges in drug-resistant

epilepsy management and ultimately improve the quality of life for affected individuals.

Methods: The study protocol was registered in PROSPERO and adhered to PRISMA
guidelines. We conducted a comprehensive search across Scopus, PubMed, and Web of
Science, focusing on studies in Portuguese or English, involving patients with drug-resistant
epilepsy who underwent simultaneous scEEG and SEEG. Studies without data, systematic
reviews, conference abstracts, case reports, and those featuring only scEEG and
electrocorticography were excluded. The review systematically assessed seizure patterns

detected in simultaneous scEEG and SEEG recordings.

Results: The search initially identified 9,750 studies, of which sixteen were potentially
eligible after screening and were selected for full-text review. Of these sixteen, eight studies
met the inclusion criteria and were included in the review, all retrospective observational,
with half conducted in the US and half in Europe. These studies analysed 250 patients,
focusing on several aspects of simultaneous scEEG and SEEG recordings, including seizure

patterns and latency between detection methods.

Conclusions: This review highlights the potential of combining scEEG and SEEG to enhance
seizure pattern analysis in drug-resistant epilepsy. The simultaneous use of both modalities
offers complementary insights into seizure onset and propagation, improving the
localization of epileptogenic zones. SEEG is effective in detecting deep brain patterns, while
ScEEG provides broad cortical data that guides SEEG placement. Despite these benefits, the
limited number of studies and methodological inconsistencies pose challenges. Future
research should standardize methods, increase sample sizes, and integrate other

co-registration techniques to further improve diagnostic accuracy and surgical planning.

Keywords: electroencephalogram; stereo-EEG; scalp-EEG; epileptic discharges.



Resumo

Objetivo: Investigar as metodologias para detetar padrdes de crises epiléticas, utilizando
registos simultaneos de EEG de escalpe (scEEG) e stereo-EEG (SEEG). Ao aplicar estas
técnicas avancadas de eletroencefalografia, visamos abordar desafios na gestdo da
epilepsia farmacorresistente e, em ultima analise, melhorar a qualidade de vida dos

individuos afetados.

Métodos: O protocolo do estudo foi registado no PROSPERO e seguiu as diretrizes PRISMA.
Realizdmos uma pesquisa abrangente nas bases de dados Scopus, PubMed e Web of
Science, com foco em estudos em portugués ou inglés que envolvessem pacientes com
epilepsia farmacorresistente que tenham realizado, simultaneamente, scEEG e SEEG. Foram
excluidos estudos sem dados, revisdes sistematicas, resumos de conferéncias, relatos de
caso(s) clinico(s) e todos os que apresentassem apenas scEEG e eletrocorticografia em
simultaneo. A revisdo avaliou sistematicamente os padrdes de crises detetados em registos

simultaneos de scEEG e SEEG.

Resultados: A pesquisa identificou inicialmente 9.750 estudos, dos quais dezasseis foram
considerados potencialmente elegiveis, apds a triagem, sendo selecionados para revisao do
texto integral. Destes dezasseis, oito estudos cumpriram os critérios de inclusdo e foram
incluidos na revisdao: todos observacionais retrospetivos, metade deles realizados nos
Estados Unidos da América e metade na Europa. Estes estudos analisaram 250 pacientes,
destacando varios aspetos dos registos simultaneos de scEEG e SEEG, incluindo padrdes de

crises e laténcia entre métodos de detecao.

Conclusdes: Esta revisdo destaca o potencial da combinacdo de scEEG e SEEG para melhorar
a andlise dos padrdes de crise epilética na epilepsia farmacorresistente. A utilizacao
simultanea de ambas as modalidades fornece informacdes complementares sobre o inicio
e a propagacao das crises, melhorando a localizacdao das zonas epileptogénicas. O SEEG é
eficaz na detecdo de padrdes ictais em zonas profundas do cérebro, enquanto o scEEG
fornece dados corticais amplos que orientam a implantacdo do SEEG. Apesar destes

beneficios, o nimero limitado de estudos e as inconsisténcias metodoldgicas representam



desafios. Futuras investigacbes devem padronizar métodos, aumentar o tamanho das
amostras e integrar outras técnicas de corregisto para melhorar a precisdao do diagndstico

e o planeamento cirdrgico.

Palavras-Chave: eletroencefalograma; stereo-EEG; EEG de escalpe; descargas epiléticas.



Abbreviations

ASM — Antiseizure Medication

DRE - Drug-Resistant Epilepsy

EEG — Electroencephalography / Electroencephalogram

ESI — Electrical Source Imaging

EZ - Epileptogenic Zone

fMRI - Functional Magnetic Resonance Imaging

GRADE - Grading of Recommendations Assessment, Development, and Evaluation
ICA - Independent Component Analysis

ILAE — International League Against Epilepsy

IZ — Irritative Zone

MEG — Magnetoencephalography

MRI - Magnetic Resonance Imaging

PET - Positron Emission Tomography

PRISMA - Preferred Reporting Items for Systematic Reviews and Meta-Analyses
SCEEG — Scalp Electroencephalography / Scalp Electroencephalogram
SEEG — Stereoelectroencephalography / Stereoelectroencephalogram
SOP - Seizure-Onset Patterns

SOZ — Seizure Onset Zone

SP — Seizure Patterns

SPECT - Single-Photon Emission Computed Tomography

s-PGES - Early Phase of Postictal Generalized EEG Suppression

TLE — Temporal Lobe Epilepsy
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Figures

Figure 1: Flowchart illustrating the research and study selection process for the systematic

review in accordance with PRISMA guidelines.
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Introduction

Epilepsy is a complex neurological disorder that affects millions of people world-
wide, characterized by recurrent, unprovoked seizures caused by abnormal and unpre-
dictable electrical activity in the brain (Fisher et al., 2014; Hirtz et al., 2007). These sei-
zures can lead to a range of physical and cognitive manifestations, which have profound
effects on patients' quality of life, social interactions, and mental health (Fisher et al.,
2014). The World Health Organization estimates that approximately 50 million people
worldwide are affected by epilepsy, making it one of the most common neurological

conditions (World Health Organization, 2019).

Despite the availability of several treatments, including antiseizure medications
(ASMs) and surgical interventions, controlling seizures remains a significant challenge for
many patients. Approximately one-third of individuals with epilepsy do not achieve
satisfactory seizure control, even after trying two or more ASMs at optimal doses (Picot
et al., 2008). The International League Against Epilepsy (ILAE) defines drug-resistant
epilepsy (DRE) as the failure of adequate trials of two well-tolerated and appropriately
chosen ASMs, whether used as monotherapy or in combination, to achieve sustained

seizure freedom (Kwan et al., 2010).

DRE is a particular challenging subset of epilepsy that requires a detailed
understanding of seizure dynamics and patterns to improve treatment outcomes and to
facilitate the development of targeted therapies. Traditional diagnostic methods, while
providing valuable information, often lack the specificity required to discern the nuanced
onset patterns of seizures (Grech et al., 2008). This gap in knowledge has driven the

pursuit of advanced techniques for seizure detection and characterization.

Electroencephalography (EEG) has long been the standard method for
monitoring brain activity and identifying seizure events (Grech et al., 2008). This pivotal
role in neuroscience can be traced back to 1924, when Hans Berger made the first EEG
recording on the human scalp (Niedermeyer & Lopes da Silva, 1993). By using simple

radio equipment to amplify the brain's electrical signals, Berger created a paper record



of these signals and showed that EEG could reliably reflect different states of brain
activity, such as transitions from relaxation to alertness, sleep, or oxygen deprivation
(Niedermeyer & Lopes da Silva, 1993). This groundbreaking work established the foun-

dation for the ongoing research and the broad range of EEG applications we use today.

EEG is a non-invasive technique that records electrical activity from the scalp
using metal electrodes and conductive media. It offers several advantages, such as high
temporal resolution, allowing for precise tracking of rapid changes in brain activity, and
the ability to detect abnormal electrical patterns associated with seizures and various
neurological disorders. Additionally, EEG is relatively cost-effective compared to other

imaging modalities (Grech et al., 2008).

However, EEG has certain limitations. Its spatial resolution is relatively poor
compared to imaging techniques like magnetic resonance imaging (MRI) or computed
tomography scans, which can result in less precise localization of brain activity sources.
Moreover, EEG recordings are susceptible to external noise and artifacts, which can com-
plicate result interpretation. Furthermore, due to the brain's layered structure and the
placement of electrodes, EEG may not always detect subtle or deep brain activity,

limiting its diagnostic utility for certain neurological conditions (Grech et al., 2008).

To minimise the impact of EEG limitations, several methods have been
developed, including Electrical Source Imaging (ESI), High-Resolution EEG, and
High-Density EEG. These techniques enhance both spatial and temporal resolution,
allowing for more precise localisation of brain activity. ESI uses advanced algorithms to
estimate the source of electrical signals in the brain (Zorzos et al., 2021); High-Resolution
EEG improves the signal-to-noise ratio, revealing finer cortical details (Michel, 2019); and
High-Density EEG employs a larger array of electrodes, increasing spatial sampling and
thus providing a more detailed map of brain activity across the scalp (Lantz et al., 2003).
These techniques represent significant advancements in neurophysiology, contributing

to a better understanding of neural dynamics and enhancing clinical assessments.

In cases of drug-resistant focal epilepsy, where ongoing use of ASMs fails to

improve quality of life or reduce seizure frequency, surgery becomes a crucial treatment



option. The main goal of epilepsy surgery is to remove the epileptogenic zone (EZ)—the
area identified as the source of epileptic activity—while preserving non-epileptic tissue
and areas with essential neuropsychological and neurological functions to achieve

seizure freedom (Jehi, 2018; Rosenow, 2001).

Throughout this process, several crucial regions beyond the EZ are meticulously
evaluated: i) the Irritative Zone (IZ), which is the cortical area responsible for generating
interictal spikes; ii) the Seizure-Onset Zone (SOZ), where clinical seizures initially occur;
iii) the Symptomatogenic Zone, which, when activated, produces the initial ictal
symptoms or signs; iv) the Epileptogenic Lesion, a macroscopic lesion that either directly
causes seizures (e.g., cortical dysplasia) or induces secondary hyperexcitability in the sur-
rounding cortex; v) the Functional Deficit Zone, the area of the cortex exhibiting
abnormal function during the interictal period. By carefully assessing and addressing
these zones, the goal is to achieve seizure freedom while minimizing impact on essential
brain functions. This approach requires a thorough presurgical evaluation, typically

beginning with non-invasive methods (Jehi, 2018; Rosenow, 2001).

The non-invasive evaluation wusually includes MRI, video-EEG, and
neuropsychological assessment (Rosenow, 2001). Other non-invasive methods, such as
positron emission tomography (PET), single-photon emission computed tomography
(SPECT), magnetoencephalography (MEG), Wada tests, and functional magnetic
resonance imaging (fMRI), are often used but do not directly measure seizure activity or
accurately distinguish seizures (Rosenow, 2001). In many cases, intracranial or
intracerebral investigations using electrocorticography or stereo-EEG are required to
precisely locate and delineate the area to be operated on and to map functional regions

of the brain (Rosenow, 2001).

Electrocorticography involves implanting subdural grids or strip electrodes on the
surface of the cerebral cortex, whereas SEEG involves the stereotaxic implantation of
deep electrodes directly into deep brain structures. SEEG plays a particularly important
role in epilepsy surgery because it detects signals from deeper brain structures, providing
enhanced spatial accuracy in identifying the SOZ. This improved accuracy aids in
detecting subtle seizure dynamics and onset patterns, leading to a more comprehensive

3



understanding of individual seizure characteristics (Bartolomei et al., 2018; Khoo et al.,

2020).

In recent years, the integration of simultaneous scalp EEG and stereo-EEG has
emerged as a promising approach to improve seizure detection (Abramovici et al., 2018;
Altenmiiller et al., 2016; Antony et al., 2019; Barborica et al., 2021; Casale et al., 2022;
Ferrand et al., 2023; lachim et al., 2021; Vossler et al., 2017). By combining the strengths
of both modalities, researchers are paving the way for more accurate and reliable
identification of SOZ. Scalp EEG offers a broad overview of brain activity, while
stereo-EEG provides detailed insights from electrodes placed directly within the brain,
enabling clearer delineation of seizure foci and more precise localization of deep

epileptic activity.

The first clinical use of combined scalp, subdural, and depth recordings was
conducted by Abraham and Marsan in 1958, focusing on patients with temporal lobe
epilepsy (Abraham & Ajmone Marsan, 1958). Their work revealed that the amplitude of
cortical spikes influences their detection by scalp EEG electrodes, at least to some extent.
They suggested that it is the size of the activated cortical area, rather than the shape or
duration of the cortical discharge, that affects the presence and amplitude of the

corresponding signals recorded by scalp EEG.

Simultaneous recording with scalp and intracranial electrodes is not a routine
practice. However, there has been increasing interest in the seizure patterns (SP)
observed through scalp EEG and SEEG over recent decades. Despite this growing
interest, the relationship between these two SP has been investigated in only a limited
number of studies (Ebersole & Pacia, 1996; Ferrand et al., 2023; Lieb et al., 1976; Pacia
& Ebersole, 1997; Tanaka et al.,, 2018). An investigation focused on patients with
MRI-visible lesions found that seizure-onset patterns (SOP) detected on scalp EEG can
offer valuable insights into the SEEG SOP, the underlying lesion, and the depth of the EZ

location (Tanaka et al., 2018).

The simultaneous use of scalp and stereo-EEG recordings not only improves the

precise characterization of seizure types but also enhances our understanding of



individual seizure dynamics. In this study, we aim to explore the methodologies used to
detect SPs with this combined approach and how it advances our comprehension of
epilepsy's pathophysiology. Additionally, we will discuss the potential implications for
clinical practice, including enhanced surgical planning and improved patient outcomes.
Understanding seizure onset through these advanced EEG techniques is crucial for
addressing the challenges of epilepsy management and ultimately improve the quality

of life for those affected by the condition.
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Methods

The study protocol was registered with the international prospective register of
systematic reviews (PROSPERO number CRD42024590432) and adhered to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (Moher
et al., 2009; Page et al., 2021; PRISMA-P Group et al.,, 2015). The systematic review
followed the Cochrane Handbook for Systematic Reviews of Interventions (Higgins et al.,
2023). Ethical committee approval was not required for this work, as it constitutes a

systematic review without patient involvement.

Review Questions

The aims of this review were to: i) assess the correlation between seizure onset
patterns observed in simultaneously recorded scalp EEG and stereo-EEG; ii) compare the
seizure detection latency between scalp EEG and concurrent stereo-EEG; iii) evaluate the
effectiveness of recording both scalp EEG and stereo-EEG simultaneously; and iv) identify
consistent electroencephalographic patterns in scalp EEG and examine their
intracerebral correlates. We structured our question using the Participants, Intervention,
Comparison, Outcome (PICO) framework as follows: “Does simultaneous recording of

scalp EEG and stereo-EEG enhance the determination of seizure patterns?”

In this context, we defined: P as patients with drug-resistant epilepsy [as per ILAE
criteria (Kwan et al., 2010)] who underwent simultaneous scalp and stereo-EEG; | as the
simultaneous recording of both scalp and stereo-EEG; C as the comparison between
patterns observed in scalp EEG and those in stereo-EEG; and O as the improved

correlation and detection of seizure patterns.

Data Sources

A comprehensive search was carried out across multiple electronic databases,
including Scopus, PubMed/MEDLINE, and Web of Science. The search covered studies
from their inception to the submission date, with the primary objective of identifying
published research on stereotaxic electroencephalography and simultaneous scalp

electroencephalography in drug-resistant epilepsy.
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Search Strategy

Two reviewers (CS and JIS) collaborated to develop a highly sensitive search
strategy for gathering eligible literature. To balance machine-assisted screening with a
human-driven systematic evidence review, we implemented a comprehensive approach
involving blind assessments and a structured conflict resolution process. During the
initial collection and review phase, Rayyan.ai (Ouzzani et al., 2016) was employed for
efficient article screening, utilising machine learning to prioritise results. Conflicting
assessments were resolved using Rayyan’s conflict resolution feature, followed by a
collaborative discussion between both reviewers. Consensus criteria were established

during these discussions.

The keywords used in the search included variations of 'stereotaxic' or 'invasive'
and 'EEG', combined with terms related to seizures or ictal patterns. Further details,
including the breakdown of keywords used in each database and the resulting hit counts,
are presented in Table |. The primary focus was on extracting data related to stereotaxic
EEG and scalp EEG in connection with seizures or electroencephalographic patterns. The
database search was also complemented with a manual search of the reference lists of

selected articles.

Table I: Search strategy for each database.

Hit

Database Search expression
count

((“Stereotaxic Techniques” [Mesh] OR stereotaxic OR stereotactic OR stereo* OR
. | stereoelectroencephalogr* OR invasive OR deep*) AND
Pubmed B . 4735
(“Electroencephalography” [Mesh] OR EEG OR electroencephalogr*) AND
(“Seizures” [Mesh] OR seizure* OR convulsi* OR ictal))

(‘stereotaxic techniques’ OR stereotaxic OR stereotactic OR stereo* OR

s stereoelectroencephalogr* OR invasive OR deep*) AND 264
copus
P (‘electroencephalography’ OR EEG OR electroencephalogr*) AND (‘seizures’ OR

seizure* OR convulsi* OR ictal)

(“stereotaxic techniques” OR stereotaxic OR stereotactic OR stereo* OR
Web of stereoelectroencephalogr* OR invasive OR deep*) AND 4251
Science™ | (“electroencephalography” OR EEG OR electroencephalogr*) AND (“seizures”

OR seizure* OR convulsi* OR ictal)




Inclusion and Exclusion Criteria

We included studies in Portuguese or English that involved patients with
drug-resistant epilepsy who underwent simultaneous scalp EEG and stereo-EEG,
regardless of the year of publication. Studies without available data, as well as review
articles (due to the lack of primary data), conference abstracts, case reports, short
communications, and studies involving only simultaneous scalp-EEG and

electrocorticography (grids and strips, without depth electrodes), were excluded.

Study Selection and Data Extraction

Initially, two reviewers (CS and JIS) screened the titles and abstracts of all studies
identified by the search strategy. Papers were deemed eligible if they met the inclusion
criteria at this stage. Articles that mentioned only intracranial EEG or scalp EEG in isola-
tion (not simultaneously) were excluded. After the initial screening, the eligible studies
proceeded to full-text review, which was conducted independently by both reviewers
(CS and JIS). Disagreements were resolved through consensus. For each eligible article,
we extracted key details such as the title, first author, publication year, country, cohort
size, gender distribution, age, presurgical evaluation, epilepsy topography, and the types
of intracranial EEG and scalp EEG recordings used (e.g., SEEG, combinations of

grids/strips and depth electrodes, and scalp electrode positions).

Quality Assessment

The quality of the studies included in this review was evaluated using the Grading
of Recommendations Assessment, Development, and Evaluation (GRADE) system (Shao
et al., 2023). This system provides a framework for rating the quality of evidence based
on factors such as study design, risk of bias, inconsistency, indirectness, and imprecision.
We used a quality score scale ranging from 1 to 5, with higher values indicating better
quality. This rigorous approach ensures a comprehensive evaluation of the quality and
reliability of the evidence, allowing us to draw conclusions based on the most robust and

credible information available.
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Results

Study Selection

The database search initially identified 9,750 studies. After removing 3,579
duplicates through both automated and manual methods, 6,171 articles remained for
title and abstract screening. Of these, 6,155 were excluded for not meeting the eligibility
criteria. The main reasons for exclusion at this stage involved studies that were irrelevant
to the review’s purpose, animal studies, those focused on paediatric populations, study
designs such as review articles and case reports, and publications in languages other
than Portuguese or English. Sixteen articles were considered potentially eligible and
underwent full-text review. Among these, two were case reports, one lacked sufficient
methodological detail, and five did not involve simultaneous scEEG and SEEG.
Consequently, eight studies were included in the systematic review (Abramovici et al.,
2018; Altenmidiller et al., 2016; Antony et al., 2019; Barborica et al., 2021; Casale et al.,
2022; Ferrand et al., 2023; lachim et al., 2021; Vossler et al., 2017).

Figure 1 illustrates the article selection process, following PRISMA guidelines
(Moher et al., 2009; Page et al., 2021; PRISMA-P Group et al., 2015). All eight included
studies were retrospective observational studies, with half conducted in the United

States and the other half in Europe.

The data from the included studies were categorised into six parts: (I) Quality
Assessment, (ll) Baseline Characteristics, (lll) Methodological Specifications, (IV)
Electroencephalogram Patterns, (V) Latency between Seizure Onsets and (VI) Treatment
Details. The following sections provide a detailed discussion of the included studies
within the context of these six categories. The characteristics and results of the included

studies are presented in Tables Il and Ill.
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Table Il: Baseline characteristics of the studies included in the review.

Pré-Surgical Non-Invasive Evaluation

Patients | Male Age at seizure Temporal
Authors Year Country Design Quality | included [n Age (years) onset (years) 339 L
(mean+SD) recording | Epilepsy* ey Neuropsychological Wada
(n) (%)] (mean=SD) [n (%)] MRI | Video-EEG | PET evaluation SPECT | MEG Test
lachim, E. et . Observational 16 . . . Yes,
al 2021 Belgium Retrospective 4 30 (53,3) 30,5+14,6 13,9+12,1 Interictal 19 (63) ar ND Yes Yes No No No
Barborica, A- | 5051 | Romania | Observational |, 8 > | 309:101 20+14 Ictal 2(25) |Yes| Yes |Yes Yes No | No | No
etal. Retrospective (62,5)
Abramovici, Pennsylvania, | Observational 4 7(77,8)
+ ,
S. etal. 2018 USA Retrospective 3 13 (30,8) ND 27,5+15,2 Ictal (Group) Yes Yes Yes Yes Yes Yes No
Ferrand, M. 1 5023 | France Obsenvational | 5 129 78 | 3012103 | 12,5497 lctal | 72(55,8) | Yes | Yes | Yes Yes No | No | No
etal. Retrospective (58,9)
Attenmuller, | 516 Germany | OPservational |4 15 |9(60)| 30,2154 | 12,7+133 | Postictal | 9(60) || Yes | No Yes No | No | No
D.etal. Retrospective 3T
Antony, A. et Pennsylvania, | Observational 2 . N
al 2019 USA Retrospective 3 9 (22.2) 37,2+12,1 14+12,6 Ictal 9(100) Yes Yes Yes Yes Yes Yes No
Vosster, D. et 2017 | Seattle, USA Observanopal 2 19 ND ND ND Ictal 19 (100) Yes Yes Yes Yes Yes No Yes
al. Retrospective
Casale, M. et New York, Observational 9
al 2022 USA Retrospective 5 27 (33,3) 38,2+6,8 ND Ictal ND Yes Yes Yes Yes No No Yes

* Both temporal and extratemporal foci are considered extratemporal lobe epilepsy.
ND — Not-Described.
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Table Ill: Characteristics of the electroencephalography recordings used in the studies included in the review.

naer Contacts of Duration of )
Authors N Type'of electrodes deep Scalp snmultar}eous SEEG Patterns SCEEG Patterns Latenf: y between Surgery
intracranial EEG electrodes electrodes recordings the seizure onsets 0
(n) f [n (%)]
(n) (days) (n)
lachim, E. et SEEG electrodes 12(;?;1%:(?[1(;[6 “Pure” insular spikes or “diffusing” insular spikes
=81 i Subduralgridor | 5,3t1,6 | 22,6+10,6 ) 6:2,8 . Spikes or g PIkes. ND NA 16 (53)
al. : electrodes in Synchronous” or diffusing from other contacts to insula.
strip electrodes
some cases)
Bari‘ir;a’ A | SEEGelectiodes | 14,5+1,41 | 17385263 | 30,8461 7to0 14 ND ND ND ND
Abramovici, | Subdural grids or
S.etal. SEEG electrodes 41012 41016 10-201S 61014 ND ND 17,5+16,1 7 (53,9)
Short intracerebral seizures; Rather prolonged
mtracerebrgl seizures, wnh hlgh—frequency'dlscharges; “Normal EEG™:
Prolonged intracerebral seizures, characterized by slow “Blurred EEG”
Ferrand. M rhythmic or fast low-voltage discharges; Intermediate «“Temporal dischar e”j o1
** " | SEEG electrodes 13,2+2,4 ND 24,7+1,9 ND duration intracerebral seizures characterized by high- | P . ) g ND
etal. ) L Posterior discharge”; (70,5)
frequency discharges; Prolonged duration intracerebral | . o,
. : ) ) Diffuse suppression”;
seizures characterized by high-frequency discharges; | ., . ”
) ; - ) Frontal discharge”.
Intermediate duration intracerebral seizures
characterized by high-frequency discharges.
SEEG electrodes Continuous local interictal activity; Suppressed EEG )
Altenmuller or Subdural + activity at all intracranial contacts in the early phase of s- Apparent Postictal
' | SEEGelectrodes | 2,3t1,1 | 67,360,9 10-201S ND y . tsinthe early p generalized NA 12 (80)
D.etal. or only subdural PGES, but reemerging local brain activity before s-PGES SUDDIession
Y dissolved; Persistent local ictal activity during s-PGES PP
electrodes
Antony, A.et | SEEGelectrodes | oo ) 5 61012 21 9£3,2 ND ND 11,4+95 9(100)
al. + Subdural grids
. . Rhythmic waves;
Vossler, D. | SEEG electrodes 4to 14 Decremental pattern; Beta or gamma frequency; Alpha Alpha frequency:
A ND ND electrodes ND frequency; Theta frequency; Delta frequency; Spikes; 0to 63 NA
etal. + Subdural strips X A Theta frequency;
from 10-20 IS Spike train.
Delta frequency.
Casale. M. et No modification; Diffuse slow activity; Focal polymorphic
al’ ’ SEEG electrodes ND 6to 14 19 ND slow activity; Focal slow activity with mixed epileptiform | No modification. 17,3 ND
’ potentials; Generalized spikes.

EEG — Electroencephalogram; IS — International System; NA - Non-Applicable; ND — Not-Described; scEEG — Scalp Electroencephalogram; SEEG —

Stereo-electroencephalogram; s-PGES - apparent postictal generalized EEG suppression on scalp-EEG.
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(1) Quality Assessment

Using the GRADE system (Shao et al.,, 2023), we assessed the certainty of
evidence of study outcomes on a quality score scale from 1 to 5, with higher values
indicating better quality. Of the included studies, two (Casale et al., 2022; Ferrand et al.,
2023) achieved a score of 5, representing 25% of the studies. Two studies (Barborica et
al., 2021; lachim et al., 2021) were rated with a score of 4, also accounting for 25%. Three
studies (Abramovici et al., 2018; Altenmdiller et al., 2016; Antony et al., 2019) received a
score of 3, which corresponds to 37.5% of the studies. Finally, one study (Vossler et al.,

2017) obtained a score of 2, making up 12.5% of the studies.

()  Baseline Characteristics

The eight studies included in this review were published between 2016 and 2023,
analysing a total of 250 patients. The sample size varied across studies, ranging from 8
to 129 patients. In seven of the studies, the proportion of male participants ranged from

22,2% to 62,5%.

In six of the eight studies, the mean age of patients was between 30 and 38 years,
while the age of seizure onset ranged from 12 to 27 years. All studies employed
simultaneous scEEG and SEEG recordings, with six focusing on the ictal phase
(Abramouvici et al., 2018; Antony et al., 2019; Barborica et al., 2021; Casale et al., 2022;
Ferrand et al., 2023; Vossler et al., 2017), one on the interictal phase (lachim et al., 2021),

and one on the postictal phase (Altenmiiller et al., 2016).

Two studies specifically focused on Temporal Lobe Epilepsy (TLE) (Antony et al.,
2019; Vossler et al., 2017), while four studies did not centre on TLE, but had more than
half of their samples diagnosed with TLE (Abramovici et al., 2018; Altenmdiiller et al.,
2016; Ferrand et al., 2023; lachim et al., 2021). One study (Barborica et al., 2021)
reported a predominance of extratemporal lobe epilepsy, accounting for 75% of its
sample, while another study did not provide detailed information on epilepsy

topography (Casale et al., 2022).
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Figure 1: Flowchart illustrating the research and study selection process for the

systematic review in accordance with PRISMA guidelines.

All studies included a thorough presurgical, non-invasive evaluation. MRI and
neuropsychological assessments were conducted in every study, while video-EEG was
included in seven [one study did not provide this information (lachim et al., 2021)]. PET
scans were performed in all but one study (Altenmiiller et al., 2016). Additionally, three
studies included SPECT (Abramovici et al., 2018; Antony et al., 2019; Vossler et al., 2017),
and two incorporated supplementary methods such as MEG (Abramovici et al., 2018;
Antony et al., 2019) and Wada tests (Casale et al., 2022; Vossler et al., 2017) to aid in the

diagnostic and surgical planning process.
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(1)  Methodological Specifications

Three of the eight studies included in this review exclusively employed deep
electrodes (SEEG) (Barborica et al., 2021; Casale et al., 2022; Ferrand et al., 2023), while
the remaining five used a combination of deep electrodes with subdural grids and/or

subdural strips.

Six studies documented the number of deep electrodes used, which ranged from 2
to 14 per patient, with a total of 4 to 173 contacts. Scalp electrodes were consistently
applied across studies using the standard 10-20 electrode montage, in accordance with
the international 10-20 system. However, one study utilised only a subset of electrodes
placed according to this system, rather than the full montage (Vossler et al., 2017). The
duration of simultaneous scalp and stereo-EEG monitoring, reported in half of the
included studies, ranged from 6 to 14 days, depending on the study and individual
patient needs (Abramovici et al., 2018; Antony et al., 2019; Barborica et al., 2021; lachim
et al., 2021).

(IV) Electroencephalogram Patterns

Five studies described SEEG patterns, with one focusing on the insula (lachim et al.,
2021), which identified pure or diffusing insular spikes, some showing synchrony or
diffusion from other contacts to the insula. Other patterns were typically characterised
by short or prolonged intracerebral seizures with high-frequency discharges, slow
rhythmic discharges, or fast low-voltage discharges (Ferrand et al., 2023). Intermediate
duration intracerebral seizures were marked by high-frequency discharges, while
prolonged seizures showed either slow rhythmic or high-frequency discharges (Ferrand

et al., 2023).

In the study focusing on the postictal phase of seizures (Altenmiiller et al.,, 2016),
continuous local interictal activity was noted, with suppressed EEG activity at all
intracranial contacts during the early phase of postictal generalized EEG suppression
seen on scEEG, followed by reemerging local brain activity before the suppression

resolved. Persistent local ictal activity was also recorded during this period. Additional
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patterns observed included decremental activity, beta or gamma frequencies, alpha
frequencies, theta frequencies, delta frequencies, spikes, and spike trains (Vossler et al.,

2017).

Another study identified SEEG patterns such as no modification, diffuse slow
activity, focal polymorphic slow activity, focal slow activity with mixed epileptiform
potentials, and generalized spikes, which correlated with unaltered scEEG (Casale et al.,

2022).

Scalp EEG patterns, detailed in three of the eight included studies, were generally
less specific. They were described as “Normal EEG” or unaltered EEG (based on the
interictal pattern), “Blurred EEG,” “Temporal discharge,” “Posterior discharge,” “Diffuse
suppression,” or “Frontal discharge” (Casale et al., 2022; Ferrand et al., 2023), as well as
rhythmic waves, and frequencies such as alpha, theta, and delta (Vossler et al., 2017). In
the study focusing on the postictal phase of seizures (Altenmidiller et al., 2016), scalp EEG
consistently showed apparent postictal generalized suppression, aligning with the

study's objective.

(V) Latency between seizure onsets

Half of the included studies (Abramovici et al., 2018; Antony et al., 2019; Casale et
al., 2022; Vossler et al., 2017) provided data on the average latency between seizure
onset detected by scEEG and SEEG, illustrating the differences in timing and detection
capabilities between the two EEG modalities. In all four studies, SEEG detected the

seizure onset before scEEG, with latency ranging from 0 to 63 seconds.

(VI) Treatment details

Epilepsy surgery was performed in 53-100% of patients across five of the eight
included studies (Abramovici et al., 2018; Altenmdiller et al., 2016; Antony et al., 2019;
Ferrand et al., 2023; lachim et al., 2021).
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Discussion

Seizure patterns have been extensively studied, yet they are often analysed
separately in intracerebral and scalp EEG, leaving critical aspects of seizure onset and
propagation in DRE insufficiently understood. Although recent advances have aimed to
improve seizure detection methodologies, significant gaps persist. This systematic
review addresses these gaps by exploring the integration of simultaneous scEEG and
SEEG recordings. This combined approach not only bridges clinical practice with
advanced neurodiagnostic technology but also enhances the understanding and

detection of complex seizure patterns.

In our systematic review of the published literature, we analysed scEEG and SEEG
patterns recorded simultaneously during the ictal period, as well as during the interictal
and postictal phases, in a cohort of 250 patients with DRE. We expected to be able to
establish a link between electroencephalographic patterns observed in scEEG and those
observed in SEEG, however, this objective was hampered by the lack of studies that use

these modalities simultaneously.

The Value of Integrating Scalp and Stereo-EEG Recordings

Simultaneous scEEG and SEEG recordings provide a more detailed understanding
of both superficial and deep brain activities by capturing electrical signals across
different layers of the brain. While scEEG monitors the cortical surface, offering a broad
overview of brain activity, SEEG provides high-resolution data from deeper brain
structures, such as the hippocampus and insula (lachim et al., 2021; Vossler et al., 2017).
This combination enables a comprehensive mapping of seizure onset and propagation,
facilitating a more accurate localization of the epileptogenic zones and offering valuable
insights into the complex interactions between cortical and subcortical regions during
seizures (Abramovici et al., 2018; Altenmidiller et al., 2016; Antony et al., 2019; Barborica
et al., 2021; Casale et al., 2022; Ferrand et al., 2023; lachim et al., 2021; Vossler et al.,
2017).
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A careful analysis of simultaneous scEEG and SEEG can effectively guide surgical
decision-making, as studied by Abramovici et al. (2018). They examined three key
features within the first seconds of seizure onset in both scEEG and SEEG: latency
between seizure onset on both modalities, anatomical congruence between the scEEG
and SEEG during the onset and spread of the seizure, and concordance of EEG patterns
in scEEG and SEEG during seizure onset and spread. Their findings indicated that a lack
of congruence in these EEG features could predict surgical outcomes. Specifically,
patients with at least one of the three features showing a discrepancy were more likely

to experience seizure recurrence after surgery (Abramovici et al., 2018).

Electroencephalographic Patterns in scalp EEG and in Stereo-EEG

SEEG is instrumental in identifying specific interictal patterns, as well as the onset
and propagation of ictal activity within deep brain structures. lachim et al. (2021)
focused on interictal epileptiform discharges originating from the insula, a region often
challenging to detect with scEEG alone, due to its deep location and unique gyral
organization. These discharges may only become apparent on scEEG when they spread
to the adjacent neocortex. In their study, they examined the prevalence of 'pure' or
'diffusing' insular spikes, which, although not directly correlating with scEEG patterns,
highlighted SEEG's capability to pinpoint seizure activity in deep regions like the insula
(lachim et al., 2021).

Ferrand et al. (2023) aimed to define homogeneous ictal scalp EEG profiles based on
their initial ictal abnormalities and assess their localizing value using simultaneous scEEG
and SEEG recordings. They identified several distinct scEEG patterns and correlated them

with intracerebral localization of ictal activity, recorded by SEEG electrodes:

1. Temporal Discharge Profile: Characterized by theta or delta discharges on
ipsilateral anterior temporal scalp electrodes, this profile indicated a preferential
localization of seizures in the mesial temporal region. It showed a significant
occurrence and a strong statistical correlation with prolonged intracerebral

seizures.
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2. Posterior Discharge Profile: Defined by posterior ipsilateral or contralateral
rhythmic alpha discharges or slow waves, this profile was the most frequent
scEEG correlate of occipital and parietal seizures, although it also suggested a
preferential temporal localization.

3. Diffuse Suppression Profile: Characterized by bilateral and diffuse suppression of
background activity on the scEEG, this profile was associated with mesial and
particularly insulo-opercular seizure localizations, indicating more generalized
seizure activity.

4. Frontal Discharge Profile: Identified by bilateral frontal rhythmic fast activity or
preictal spikes, this profile corresponded to preferential ventrodorsal frontal
intracerebral localizations, underscoring the importance of frontal lobe activity
in seizure onset.

5. Normal and Blurred EEG Profiles: The 'normal EEG' profile, associated with short
intracerebral seizures, did not show a specific localization at seizure onset. The
'‘blurred EEG' profile, marked by early muscle artifacts, also corresponded to no
specific intracerebral localization, suggesting these patterns may offer limited

information for precise localization.

This authors (Ferrand et al., 2023) also conducted a hierarchical cluster analysis,
which identified six distinct profiles based on the initial abnormality in scEEG.
Importantly, none of these profiles were associated with a specific intracerebral
localization, underscoring the complexity of interpreting scEEG data for seizure
localization. This highlights the advantage of combining scEEG with SEEG to achieve a

more accurate assessment.

Other researchers (Casale et al., 2022) identified patterns using SEEG that were not
detected with scEEG, including diffuse slow activity, focal polymorphic slow activity, focal
slow activity with mixed epileptiform potentials, and generalized spikes. Vossler et al.
(2017) found ictal SEEG patterns in patients with TLE such as decremental patterns,
frequency-specific changes (beta, gamma, alpha, theta, delta), spikes, and spike trains.
In contrast, scEEG only recorded rhythmic waves or alpha, theta, and delta frequencies.

Although Vossler et al. did not directly compare these patterns, they emphasised SEEG’s
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capacity to capture a range of frequency-specific changes, which enhances the

understanding of intracerebral seizure dynamics (Vossler et al., 2017).

During the postictal phase, SEEG is also very sensitive to subtle local epileptiform
patterns that scEEG might overlook, particularly when scEEG displays apparent postictal
generalized suppression. Altenmiiller et al. (2016) demonstrated that SEEG detected
continuous local interictal activity, whereas scEEG showed suppressed activity during the
early phase of postictal generalized EEG suppression (s-PGES). Additionally, SEEG
revealed the reemergence of local brain activity before the resolution of s-PGES, as well

as persistent local ictal activity throughout s-PGES (Altenmiiller et al., 2016).

The Complementary Role of SEEG in scEEG Analysis

While scEEG captures broader cortical activity, SEEG provides intricate data from
deep brain structures, revealing patterns that scEEG may overlook. For example, the
detection of pure or diffusing insular spikes by SEEG emphasizes its role in identifying
seizure onset in deep regions that scEEG might miss (lachim et al., 2021). Additionally,
SEEG's sensitivity to local interictal activity during the postictal phase (Altenmdiller et al.,
2016) contrasts with the generalized suppression seen in scEEG, showcasing the

complementary nature of these recordings.

Another study has shown that focal aware seizures and subclinical seizures are
less likely to be detected on scEEG compared to other types of seizures. In this
investigation, the authors found that detection rates for focal aware seizures were 33%
on scEEG versus 100% on SEEG, highlighting the limitations of scEEG in identifying certain

types of seizures (Casale et al., 2022).

SEEG's ability to monitor frequency-specific changes and subtle patterns in deep
structures enriches the broader overview provided by scEEG. This simultaneous
monitoring allows for a more comprehensive understanding of seizure onset and
propagation, facilitating accurate mapping of epileptogenic zones. Integrating SEEG's
detailed insights with the generalized patterns from scEEG clearly enhances diagnostic

accuracy and deepens the understanding of seizure dynamics (Abramovici et al., 2018;
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Altenmdiiller et al., 2016; Antony et al., 2019; Barborica et al., 2021; Casale et al., 2022;
Ferrand et al., 2023; lachim et al., 2021; Vossler et al., 2017).

The Complementary Role of scEEG in Guiding SEEG Explorations

Scalp EEG findings are fundamental in guiding SEEG explorations, as they offer a
non-invasive overview of the brain's electrical activity. By detecting patterns such as
interictal spikes, seizure onset zones, and regional abnormalities, scEEG aids in forming
hypotheses about potential epileptogenic areas (Jehi, 2018). During the ictal phase,
ScEEG can predict intracerebral SOPs, identify the lesion generating the seizures, and
even estimate the depth of the SOZ. This information is especially valuable in presurgical
evaluations, where scEEG is primarily used to localize the SOZ (Jehi, 2018; Rosenow,

2001).

The insights provided by scEEG are crucial in planning SEEG electrode placement,
enabling targeted, precise monitoring of suspected seizure foci. Additionally, scEEG
findings help differentiate between focal and generalized epilepsy, informing the strategy
for SEEG implantation and improving the chances of successful seizure localization.
Notably, lachim et al. (2021) discovered that the automated low-density ESI approach on
SCEEG yielded SEEG-concordant results in more than half of the analysed cases, with
sensitivity and specificity rates of 53% and 55%, respectively. These findings are
significant, considering the challenges involved in visually identifying operculo-insular

spikes on scEEG (lachim et al., 2021).

On the other hand, Barborica et al. (2021) suggest that the use of independent
component analysis (ICA) in scEEG has the ability to capture ictal discharges and is
particularly important in identifying the SOZ, and can provide information on whether
the SOZ is neocortical or if it is located in mesial structures, which is essential for surgical

planning (Barborica et al., 2021).

Antony et al. (2019) questioned whether scEEG adds localization value in
predicting seizure onset contralateral to SEEG. Their study demonstrated that the
simultaneous use of scEEG with SEEG significantly improved the accuracy of predicting
contralateral seizure onset, achieving 92,3% accuracy compared to just 33,3% with SEEG
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alone. This finding emphasizes the importance of incorporating scEEG into SEEG to

enhance the localization of seizure onset areas (Antony et al., 2019).

Alternative Co-Registration Techniques

Although simultaneous scEEG and SEEG recordings offer valuable insights, they
should not be the sole basis for identifying the EZ. It is essential to incorporate ictal
clinical signs, imaging data, and neuropsychological assessments to achieve a

comprehensive understanding of seizure origin (Ferrand et al., 2023).

As has been said throughout this review, complementary techniques to scEEG,
such as Electrical Source Imaging (ESI) and Independent Component Analysis (ICA), serve
as valuable tools for epileptologists and can play a crucial role in the presurgical
evaluation of focal epilepsy, especially in patients with suspected deep irritative zones
(Barborica et al., 2021; lachim et al., 2021). However, there are also other co-registration

techniques available for these cases.

Other techniques, such as MRI-based co-registration and MEG co-registration,
offer distinct advantages. MRI provides detailed anatomical information that, when
combined with scEEG and SEEG, can help pinpoint the precise location of the
epileptogenic zone (Jacobs et al.,, 2024; Jehi, 2018). Simultaneous
magnetoencephalography (MEG) allows for more precise source localization and
identification of deep sources not covered by SEEG (Gavaret et al., 2016; Jacobs et al.,
2024). Additionally, simultaneous fMRI can highlight metabolic changes following
epileptic activity and help elucidate the widespread network changes associated with
interictal activity (Jacobs et al., 2024; Jehi, 2018). Some authors suggest that seizures
associated with MRI lesions are statistically less likely to be detected on scEEG compared
to those in patients with non-lesional MRI, indicating that the presence of lesions may

influence the visibility of seizures in scalp recordings (Casale et al., 2022).

Integrating these diverse techniques can lead to a more robust and accurate
assessment of the epileptogenic zone, ultimately improving surgical planning and patient

outcomes.
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Methodical Considerations and Limitations

This review encountered several challenges, primarily stemming from the limited
number of studies available on simultaneous scEEG and SEEG recordings. Additionally,
there were small flaws within the studies themselves. All included studies were
retrospective observational, representing a lower level of evidence compared to
prospective observational studies or randomized and non-randomized clinical trials.
Most of these studies also had very small sample sizes, reflecting the currently limited

number of simultaneous scEEG and SEEG recordings conducted worldwide.

The included studies exhibited substantial methodological variability, further
complicating comparisons. For example, scalp electrode placement differed across
studies - some employed the full international 10-20 system, while others used only a
subset of electrodes. Additionally, while many studies used deep SEEG electrodes, some
also incorporated grids and subdural strips. In some cases, there was a lack of clarity
regarding the number of deep electrodes or contacts used. Furthermore, about half of
the studies did not reference the EEG patterns observed or directly compare them with

scEEG patterns, adding to the inconsistency.

These methodological differences highlight a significant gap in this area of
research. Developing standardized, reproducible protocols is crucial to enable

meaningful comparisons and the generalization of results.
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Conclusions and Future Directions

This systematic review underscores the potential of simultaneous scEEG and
SEEG recordings in advancing the understanding of seizure patterns in DRE. Despite the
known strengths of both modalities, their combined application has not been extensively
explored in clinical practice. The reviewed studies reveal that simultaneous scEEG and
SEEG can offer complementary insights into seizure onset and propagation, facilitating a
more nuanced identification of the epileptogenic zone. This integration bridges the gap
between cortical and deep brain activity, enabling improved surgical planning and more

precise localization of seizure foci.

The findings highlight that SEEG plays a crucial role in capturing subtle interictal
and ictal patterns that scEEG might miss, particularly in deep brain structures like the
insula and mesial temporal regions. Conversely, scEEG provides an essential overview
that guides SEEG placement and can enhance the accuracy of detecting contralateral
seizure onsets. This mutual complementarity demonstrates the value of utilizing both
modalities to achieve a more comprehensive assessment of epileptic activity. However,
significant limitations, such as the scarcity of simultaneous scEEG and SEEG studies,
methodological inconsistencies, and small sample sizes, restrict the generalizability of

these findings.

Future research should focus on addressing these limitations. Standardized
methodologies are essential to facilitate reproducible results, such as uniform scalp
electrode placement and consistent SEEG electrode usage. Moreover, larger prospective
observational studies or clinical trials would provide a higher level of evidence, enabling
a more reliable comparison of electroencephalographic patterns. Additionally, the
integration of alternative co-registration techniques, including fMRI and MEG, should be
explored in tandem with simultaneous scEEG and SEEG recordings. These
complementary modalities could enhance source localization, particularly in deep brain
regions, and offer valuable metabolic and network insights that are not detectable

through EEG alone.
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In conclusion, while the combined use of scEEG and SEEG holds significant
promise for improving seizure localization and guiding therapeutic interventions in DRE,
further research is necessary to establish standardized protocols and explore multi-
modal approaches. This comprehensive strategy has the potential to refine presurgical

evaluation and ultimately improve surgical outcomes for patients with DRE.
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