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ABSTRACT
Introduction  Epilepsy surgery is the only curative 
treatment for patients with drug-resistant focal epilepsy. 
Stereoelectroencephalography (SEEG) is the gold standard 
to delineate the seizure-onset zone (SOZ). However, up 
to 40% of patients are subsequently not operated as no 
focal non-eloquent SOZ can be identified. The 5-SENSE 
Score is a 5-point score to predict whether a focal SOZ is 
likely to be identified by SEEG. This study aims to validate 
the 5-SENSE Score, improve score performance by 
incorporating auxiliary diagnostic methods and evaluate its 
concordance with expert decisions.
Methods and analysis  Non-interventional, observational, 
multicentre, prospective study including 200 patients with 
drug-resistant epilepsy aged ≥15 years undergoing SEEG 
for identification of a focal SOZ and 200 controls at 22 
epilepsy surgery centres worldwide. The primary objective 
is to assess the diagnostic accuracy and generalisability of 
the 5-SENSE in predicting focality in SEEG in a prospective 
cohort. Secondary objectives are to optimise score 
performance by incorporating auxiliary diagnostic methods 
and to analyse concordance of the 5-SENSE Score with 
the expert decisions made in the multidisciplinary team 
discussion.
Ethics and dissemination  Prospective multicentre 
validation of the 5-SENSE score may lead to its 
implementation into clinical practice to assist clinicians 
in the difficult decision of whether to proceed with 
implantation. This study will be conducted in accordance 
with the Tri-Council Policy Statement: Ethical Conduct for 

Research Involving Humans (2014). We plan to publish the 
study results in a peer-reviewed full-length original article 
and present its findings at scientific conferences.
Trial registration number  NCT06138808.

INTRODUCTION
Epilepsy surgery is the only potentially cura-
tive treatment for patients with drug-resistant 
focal epilepsy1–3 with postoperative seizure 
freedom rates of up to 80%, depending on the 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Stereoelectroencephalography (SEEG) is the gold 
standard for the delineation of the seizure-onset 
zone (SOZ) in cases where the non-invasive presur-
gical evaluation provides a reasonable hypothesis to 
determine a focal epileptogenic zone but does not 
enable a direct surgical intervention. SEEG is asso-
ciated with complication rates of 0.6%–4% and is 
cost-intensive and resource-intensive. Up to 40% of 
patients do not undergo subsequent resective sur-
gery as no single, focal SOZ in non-eloquent cortex 
can be identified, or patients decide not to proceed 
with surgery (ie, satisfiable seizure control after 
radiofrequency thermocoagulation). The 5-SENSE 
Score is based on non-invasive presurgical data and 
was developed to predict whether a focal SOZ will 
be identified by SEEG.
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epilepsy syndrome.1 4 Identification of the epileptogenic 
zone (EZ), defined as the area of the brain responsible for 
seizure initiation and organisation, and evaluation of its 
resectability are the major aims of presurgical evaluation.5 

If non-invasive presurgical workup does not allow to 
proceed directly to surgery but does enable to formu-
late a reasonable hypothesis of the localisation of the 
EZ, stereoelectroencephalography (SEEG) is the gold 
standard to further delineate the EZ.6 SEEG is an inva-
sive diagnostic procedure using stereotactically placed 
intracerebral EEG electrode recordings to localise the 
seizure-onset zone (SOZ), a surrogate marker for the EZ. 
It poses adverse event rates of 0.6%–4.0%,7–10 is strenuous 
for patients and physicians alike and is cost-intensive and 
resource-intensive. More importantly, up to 30%–40% of 
patients do not qualify for subsequent surgery, as no focal 
seizure generator can be identified or the SOZ is located 
in eloquent cortex.7–9 Therefore, accurate identification 
of patients who are unlikely to benefit from this invasive 
procedure is important.

We developed an easily applicable score derived from 
non-invasive presurgical workup, the ‘5-SENSE Score’, to 

help predict whether a focal SOZ is likely to be identi-
fied by SEEG.11 By retrospective analysis of 128 patients 
who underwent SEEG at the Montreal Neurological Insti-
tute and Hospital, Montreal, Canada, five variables were 
identified to be predictive for focality. Based on these 
variables, a five-point score reflecting the main pillars of 
presurgical evaluation, the ‘5-SENSE Score’, was estab-
lished. The score comprises the following five predictive 
variables: focal lesion on structural magnetic resonance 
imaging (S), absence of bilateral independent spikes in 
interictal scalp EEG (E), localising neuropsychological 
deficit (N), strongly localising semiology (S) and regional 
ictal scalp EEG onset (E) (figure 1). Score performance in 
the development cohort showed high sensitivity (83.3%; 
95% CI 72.3% to 94.1%) and specificity (76.3%; 95% CI 
66.7% to 85.8%), using a mean probability cut-off for 
focality of 37.6 (SD=3.5). An international multicentre 
validation study confirmed good diagnostic accuracy 
(specificity 76%; 95% CI 67.5% to 84.6%; sensitivity 
52%; 95% CI 43.0% to 61.5%) of the 5-SENSE Score in 
a retrospective cohort study including 207 patients from 
9 epilepsy centres in Europe (Paracelsus Medical Univer-
sity Hospital Salzburg, Austria; Masaryk University, Brno, 
Czech Republic; Carol Davila University of Medicine and 
Pharmacy Bucharest, Romania; Grenoble Institute of 
Neurosciences Centre Hospitalier Universitaire Grenoble 
Alpes, Grenoble, France) and North America (Dalhousie 
University and Hospital, Halifax, Canada; Massachu-
setts General Hospital, Boston; Montreal Neurological 
Institute and Hospital, Montreal, Canada; Northwestern 
University, Chicago, Illinois; University of Pittsburgh, 
Pittsburgh, Pennsylvania) (figure 1).

However, scores in medicine often show great perfor-
mance in the original publication but suffer a signifi-
cant decrease in diagnostic accuracy when applied to 
independent patient cohorts in clinical routine settings. 
Proof of score performance in a large-scale prospective 
setting is essential to demonstrate generalisability and 
clinical utility.12 13 Therefore, we now aim to validate the 

Figure 1  Scheme of the 5-SENSE Score. EEG, electroencephalography.

WHAT THIS STUDY ADDS
	⇒ Validation of the 5-SENSE Score in a prospective, international, 
multicentre validation study will prove its generalisability in a large-
scale prospective cohort, allow incorporation of auxiliary diagnos-
tics to improve score performance and confirm the added value of 
the score for clinical use.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ As SEEG is increasingly used worldwide, there is an urgent need 
to assess the utility of SEEG exploration. Implementation of the 
5-SENSE Score in clinical practice will assist clinicians in this dif-
ficult decision-making. The 5-SENSE score will allow the identifi-
cation of patients who are unlikely to benefit from SEEG and spare 
them the associated risks of this procedure.
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score in a large-scale international multicentre prospec-
tive validation study including more than 200 patients to 
demonstrate the prognostic value of the 5-SENSE Score 
in the prediction of focality in SEEG (objective #1). Auxil-
iary diagnostic methods (magnetic and electrical source 
imaging, fluorodeoxyglucose positron emission tomog-
raphy (FDG-PET) and ictal hexamethylpropyleneamine 
oxime single-photon emission computerised tomography 
(SPECT))—currently not reflected in the score—are all 
now routinely used for non-invasive presurgical evalua-
tion. We aim to evaluate, whether the incorporation of 
these auxiliary diagnostic methods might improve score 
performance and lead to an optimised ‘5-SENSE-Plus 
Score’ with increased diagnostic accuracy (objective #2). 
Last, we aim to assess the concordance of the 5-SENSE 
Score with the expert decisions regarding implanta-
tion, which is routinely made in the multidisciplinary 
team discussion (MTD) (objective #3). This is an essen-
tial step to prove generalisability and clinical utility of 
the 5-SENSE-Score to assist clinicians in identifying the 
important subset of patients where SEEG will reliably 
localise a circumscribed EZ. Such accurate prediction 
would decrease unnecessary invasive EEG procedures 
and spare patients’ associated risks. If successful, the 
necessary next step will be to perform a prospective multi-
centre clinical trial to confirm clinical utility and added 
value of the 5-SENSE Score in clinical practice.

METHODS AND ANALYSIS
Study design
This study is a non-interventional, observational, multi-
national, multicentre, prospective validation study, 
performed from January 2024 onwards. The first 10–15 
consecutive patients who are referred to SEEG and an 
equal number of patients discussed for SEEG with the 
decision against implantation for the purpose of local-
ising a focal SOZ in each centre will be included. For 
inclusion and exclusion criteria, see table 1.

Screening for inclusion will be performed at the MTD 
in which the decision to proceed with SEEG is made. 
Patients fulfilling inclusion criteria (table  1) will be 
invited to participate in the study and informed consent 
will be obtained (Supplement 1).

Data from routine non-invasive presurgical evaluation, 
SEEG and subsequent surgical approach (table 2) will be 
collected prospectively from patient charts by the local 
site investigators. Data will be deidentified and entered 
in a password-protected online database (RedCap) at 
designated time points (before SEEG, following SEEG, 
following surgery). As this is a non-interventional obser-
vational study, no additional diagnostic tests, interviews or 
follow-up visits will be scheduled because of the study. In 
the case of surgery following SEEG, we aim for additional 
data collection at follow-up 1 year after surgery (figure 2).

Patients who undergo SEEG will be divided according 
to the extent of the SOZ as identified by SEEG into 
focal (circumscribed) and non-focal SOZ. A focal SOZ 

was anatomically defined as sublobar or functionally 
including unilateral regions within the same anatomo-
functional system. Seizure onset is defined as first sustain-
able SEEG signal change visually distinguishable from 
background activity within the context of a sustained 
rhythmic discharge and subsequent appearance of clin-
ical signs, independent of the fast activity content.14 15 We 
will use the SOZ as a surrogate marker of the EZ.

Sample size
This is a multinational multicentre study including 
22 tertiary epilepsy surgery centres in Asia, Australia, 
North America and Europe. In the context of vali-
dating a multivariable score, a classical power-based 
sample size calculation is not appropriate. Instead, 
since the focus is primarily on the resulting specificity 
(and sensitivity) for objective #1 (ie, the prospec-
tive validation), the sample size calculation is based 
on the aim of obtaining a prespecified precision of 
the two-sided 95% CI for that diagnostic accuracy 
measure. From our previous studies, the proportion 
of non-focal subjects in the cohort is expected to be 
at least 46% (development cohort: 80/128, retrospec-
tive validation cohort: 96/207).11 In this scenario, 
data on a total number of N=189 subjects (ie, focal 
plus non-focal subjects) must be collected in order 

Table 1  Inclusion/exclusion criteria

Inclusion 
criteria:

Patients aged ≥15 years with no direct surgical 
approach who are discussed for invasive long-
term video electroencephalography (EEG) 
monitoring with stereoelectroencephalography 
(SEEG) for presurgical evaluation of drug-
resistant focal epilepsy at the multidisciplinary 
team discussion (MTD)

Availability of complete non-invasive presurgical 
workup (including high-resolution MRI according 
to the in centre epilepsy protocol, video-
telemetry with the recording of a minimum of 
one habitual clinical and EEG seizure, available 
as original files for review)

Exclusion 
criteria:

No telemetry/scalp EEG in centre

No protocol MRI in centre

Subdural/GRID electrodes

For objectives #1 and #2: primary hypothesis 
is already multifocal and the SEEG study is 
solely performed with the intention to perform 
treatment/intervention that is, to determine the 
optimal localisation of thermocoagulation or 
evaluate for responsive neurostimulation.

For objective #3: patients with multifocal primary 
hypothesis may be included as “control group’ 
consisting of patients who are no direct surgical 
candidates and are discussed for SEEG, but no 
SEEG is attempted for identifying a focal SOZ 
following the MTD.

SOZ, seizure-onset zone.
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to be able to estimate the specificity of the score to a 
precision of 10 percentage points. As for study objec-
tives #1 and #2, only the subgroup of patients who 
undergo SEEG will be analysed, and an equal number 
of patients not undergoing SEEG for identification 
of a focal SOZ will be included as a control group for 
objective #3, the total sample size will be 380 patients 
(ie, patients undergoing SEEG as well as patients not 
undergoing SEEG), with 190 patients undergoing 
SEEG (according to the sample size calculation for 
objectives #1 and #2, see above). Since the attrition 
rate is expected to be small, we plan to recruit 400 

patients in total (n=200 each in the SEEG and the 
control group).

Period studied and duration of the study
Following a 2-year recruitment period from Ethics 
Approval onwards (estimated period 01/2024–
06/2026) data acquisition will last 24 months. In case 
of subsequent surgery, we aim for a follow-up period 
of 1 year after surgery.

Study objectives and data analysis
The primary aim of this large-scale, multinational, 
multicentre observational study is the validation of 

Table 2  Description of collected data

Demographic data Age

Gender

Handedness

Age at epilepsy onset

Duration of epilepsy

Aetiology

Structural Imaging (MRI epilepsy protocol) Lesional/non-lesional

Type of lesion

Extent of lesion

Localisation of lesion

Non-invasive long-term video-EEG monitoring Interictal EEG

Ictal EEG

Semiology

Neuropsychology (NPSY) Localising value of NPSY

Side of localisation

Cognitive domain

Auxiliary diagnostic methods Fluordesoxyglucose positron emission tomography (FDG-ET)

Magnetic source imaging

Electrical source imaging

Ictal hexamethylpropyleneamine oxime versus single-photon emission 
computerised tomography

Stereoelectroencephalography Side of implantation

Localisation of implantation

Number of electrodes

Interictal EEG

Ictal EEG

Extent of identified seizure onset zone

Epilepsy surgery Type of surgery

Localisation of surgery

Histology

Outcome Duration of follow-up (FU)

Outcome according to ILAE (International League Against Epilepsy) 
definition at last FU

Outcome according to Engel classification at last FU

EEG, electroencephalography.
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the 5-SENSE score in a prospective setting to demon-
strate its generalisability and diagnostic accuracy 
which will be addressed by objective #1. Data from 
routine non-invasive presurgical evaluation (table 2) 
will be collected prospectively from patient charts by 
the local site investigators. Data will be deidentified 
and entered in a password-protected online database 
(RedCap) at designated time points (before SEEG, 
following SEEG, following surgery). Based on the 
collected data, the 5-SENSE score will be calculated for 
each patient by the principal investigators (BF, AA-R 
and GZ) following the decision of the MTD whether 
or not to pursue SEEG. The score result will not be 
available to the local site investigators and treating 
physicians to avoid bias in clinical decision-making. 
Most importantly, specificity, but also sensitivity, posi-
tive and negative predictive value and overall accu-
racy of the 5-SENSE Score for prediction of focality 
will be calculated.

Secondary aims are the optimisation of the 5-SENSE 
Score by incorporation of auxiliary diagnostics leading 
to the development of an advanced ‘5-SENSE-Plus’ 
Score (objective #2), as well as assessment of concor-
dance of the 5-SENSE Score with the expert deci-
sions of the MTD in all patients discussed for SEEG 
and thus its usefulness also in patients who are subse-
quently not implanted (objective #3). For objective #2, 
results from auxiliary diagnostic methods performed 
throughout presurgical evaluation (FDG-PET, electro-
magnetic source imaging (ESI/MSI), SPECT) will be 
collected and categorised as focal (or sublobar), lobar/
unilateral regional, multifocal/multilobar unilateral, 
multifocal/multilobar bilateral and normal. For the 
development of a modified ‘5-SENSE-Plus’ Score, 
results from different auxiliary diagnostic methods 
will be merged into a single variable containing infor-
mation from the different diagnostic modalities with 
the categories ‘focal’, ‘non-focal unilateral’, ‘non-focal 
bilateral’ and ‘normal/not specific’. Subsequently, 
a score development procedure will be performed 
using a combination of statistical modelling/variable 

selection, machine learning and expert opinion, anal-
ogously to the successfully established analysis pipe-
line that was applied for developing and validating 
the original 5-SENSE score.11

The aim of objective #3 is to assess the concordance 
of the 5-SENSE Score and the expert decisions made 
in the MTD regarding implantation and thus the 
potential of the 5-SENSE Score to reliably reproduce 
clinical decision-making. For this aim, it is essential 
to also include patients who are discussed for SEEG 
after being considered not direct candidates for resec-
tive surgery, but who are thereafter not implanted as 
the clinical expert assessment doubts focality. There-
fore, for objective #3, also patients with the primary 
hypothesis of a multifocal/diffuse SOZ who are either 
not implanted or in whom SEEG was not performed to 
identify a focal SOZ, that is, implantation for radiof-
requency thermocoagulation in case of, for example, 
periventricular nodular heterotopia or target iden-
tification for RNS in case of suspected bitemporal 
lobe epilepsy (see table  1, exclusion criteria) will 
be included as a ‘control group’. The result of the 
5-SENSE Score, calculated for all patients (patients 
undergoing SEEG and the ‘control group’ not under-
going SEEG for identification of a focal SOZ), will be 
compared with the MTD decision regarding implanta-
tion, leading to four different scenarios (see table 3). 
One major limitation of objective #3 is that for 
patients not undergoing SEEG it remains unknown, 
whether a focal SOZ would have been identified by 
SEEG. Therefore, it is impossible to confirm whether 
the MTD decision or the 5-SENSE Score was correct. 
However, the results of objective #3 are expected to 
provide useful information for planning subsequent 
clinical trials that are targeted at providing robust 
evidence for implementing the score into clinical 
decision-making. In the present study, due to the non-
interventional and observational design, no changes 
in the decision of whether to implant or not will be 
made based on the 5-SENSE Score.

Figure 2  Study design of the prospective multicentre validation study of the 5-SENSE Score. SEEG, 
stereoelectroencephalography.
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DISSEMINATION
Oversight

Confidentiality
Only data relevant to this study as outlined in this protocol 
will be collected by the research team. All the informa-
tion collected during the research project will remain 
confidential to the extent required and provided by law. 
Patient data will be deidentified and coded. The code will 
be kept by the principal investigator at each participating 
site in a password-protected digital file behind the local 
firewall. The electronic data collected will be stored for 
a minimum of 7 years following completion of the study, 
then the digital files will be destroyed.

Informed consent
Informed consent of all participants will be collected at 
the time of referral to a multidisciplinary team discussion 
(MTD) for discussion of SEEG (supplement 1).

Dissemination plan
It is planned that the findings will result in at least 1–2 
full-length peer-reviewed publications and that data 
will be presented at several international conferences 
and meetings. Meetings of interest in our field are 
the American Epilepsy Society Meeting, the Interna-
tional Epilepsy Congress and the European Epilepsy 
Conference as well as conferences focusing more 
broadly on general neurology. Whenever the study 
results are published or shared during scientific meet-
ings or otherwise, it will not be possible to identify the 
participants.

DISCUSSION
SEEG is increasingly used worldwide as the gold stan-
dard for the delineation of the SOZ in case of insuffi-
cient or inconclusive data from non-invasive presurgical 
workup.16 17 The reasons for that are manifold: classical 
surgically remediable epilepsy syndromes such as mesial 
temporal lobe epilepsy due to hippocampal sclerosis 
are decreasing and imaging and electrophysiological 

techniques render patients who were formally consid-
ered inoperable, candidates for epilepsy surgery.18 
Furthermore, the advantages of SEEG compared with 
subdural techniques, such as the three-dimensional 
sampling of deep-seated structures and lower compli-
cation rates resulted in a shift from subdural intracere-
bral EEG recordings to SEEG in North American within 
the last decade.19 20 This leads to a challenging deci-
sion on whether to proceed with an invasive diagnostic 
procedure in patients with drug-resistant epilepsy. The 
5-SENSE Score is a useful, easily applicable tool based 
on non-invasive diagnostic data that predicts whether 
a focal SOZ will unlikely be identified. Confirmation 
of diagnostic accuracy of the 5-SENSE Score in a large-
scale prospective validation study is crucial not only for 
implementation of this diagnostic tool in clinical prac-
tice but also for application in future clinical trials in 
drug-resistant focal epilepsy populations.

Over the last decade, major advances in the use of 
auxiliary diagnostic methods for presurgical evalua-
tion have been made. ESI/MSI techniques as well as 
FDG-PET are widely available and nowadays routinely 
used in specialised epilepsy centres performing 
SEEG. By incorporating of these auxiliary diagnostic 
methods, which were not available in the score devel-
opment cohort, into an advanced ‘5-SENSE-Plus’ 
Score, diagnostic accuracy of the score might be 
further improved. Concordance of the 5-SENSE Score 
with the expert decisions regarding implantation 
made in an MTD, which is the current gold standard, 
could demonstrate the ability of the score to reliably 
reproduce clinical decision-making and prove gener-
alisability and clinical utility also for patients who are 
subsequently not implanted.

The ‘5-SENSE Score’ and ‘5-SENSE-Plus Score’ are 
not intended to replace an MTD but may provide 
objective additional evidence supporting the chal-
lenging decision on whether to proceed with SEEG. 
This may lead to abstaining from an invasive diag-
nostic procedure in patients with a small likelihood of 
a focal EZ and spare them the risks associated with it.

Table 3  Objective #3 assessing concordance of the 5-SENSE Score with the expert decisions made in the multidisciplinary 
team discussion leading to four different scenarios

Multidisciplinary team meeting 5-SENSE Score Notes

+ Decision to perform SEEG + Points to a focal SOZ→ 
encourages SEEG

Concordant. Both MDT and 5-SENSE Score reach 
the same conclusion

+ Decision to perform SEEG – Points to non-focal SOZ→ 
against SEEG

We can assess if indeed the MTD decision or the 
5 Sense score were concordant with the SEEG 
outcome

– Decision against SEEG – Points to non-focal SOZ→ 
against SEEG

Concordant. Both MDT and 5-SENSE Score reach 
same conclusion

– Decision against SEEG + Points to a focal SOZ→ 
encourages SEEG

No further conclusion can be drawn as we have no 
ground truth

MDT, multidisciplinary team discussion; SEEG, stereoelectroencephalography; SOZ, seizure-onset zone.
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If this research project is successful, we plan to conduct 
a prospective, multicentre, clinical trial to confirm the 
feasibility and the added value of the 5-SENSE Score in 
routine presurgical decision-making.
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