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Chapter 1

Epilepsy surgery 
Epilepsy is a common neurological disorder, aϑecting 1-2% of the global population.1 
Seizures are manifestations of structural abnormalities, metabolic imbalance or 
genetic disease in the brain.2 Focal epilepsy, characterized by seizures originating 
in speci¿c brain regions, accounts for roughly 60% of all cases.1 Approximately 
30% of these cases are drug-resistant, and seizures persist despite optimal 
medical therapy. Resective surgery is considered a potential treatment option in 
these people. The primary goal of surgery is to resect the complete epileptogenic 
zone without causing motor, speech or visual damage.3,4 The ultimate aim of 
epilepsy surgery is to achieve lifelong seizure freedom, which depends largely on 
the localization accuracy of the epileptogenic zone, a.k.a. the region that needs to 
be resected to achieve seizure freedom. Currently, the reported seizure freedom 
after resective surgery ranges between 36 and 76%.5

Brain zones involved in epilepsy surgery
Identifying and distinguishing between the various brain zones conceptually 
linked to the epileptogenic zone is critical for optimizing epilepsy surgery. The 
epileptogenic zone is a concept: a hypothetical region which cannot be directly 
observed.6,7 It is a construct based on  (indirect) clinical, electrophysiological,  
and/or imaging based identi¿ed regions that often only partly overlap, with several 
key zones considered during pre-surgical evaluation.2,8 (Figure 1A&B) 

The structural lesion is an abnormality visible on MRI that is presumed to cause 
the network disturbance responsible for the epileptic seizures.9 
•	 The seizure onset zone is the region where seizures originate, typically 

identi¿ed through long-term invasive EEG: grid implantation or stereo EEG. 
•	 The irritative zone shows interictal epileptiform discharges. 
•	 The symptomatic zone is the region where epileptic activity produces the 

patient’s clinical seizure symptoms and signs. 
•	 Additional information may be gathered from modalities such as MEG, PET, 

or SPECT, each indicating regions of altered electrophysiological or metabolic 
activity that might be related to the epileptic network.

All these zones each provide unique insights but are rarely fully congruent.7 Surgical 
resection is further constrained by the need to preserve brain regions critical for 
functions such as movement, speech and vision. The resected tissue in patients 
who are seizure free after epilepsy surgery is the closest approximation that we 
have of the true epileptogenic zone. Unfortunately this delineation is currently only 
possible retrospectively, underscoring the urgent need for novel methodologies to 
accurately de¿ne this zone before and/or during epilepsy surgery.

Intraoperative electrocorticography
In clinical practice, intraoperative electrocorticography (ioECOG) is applied during 
epilepsy surgery, where it serves as a practical tool to guide the delineation of 
resection borders. A grid is placed in diϑerent positions on the exposed cortex. 
Recordings are made before resection (pre-resection recordings), during resection 
(per-resection recordings), and after ¿nal resection (post-resection recordings). 
(Figure 1C) The aim of these recordings is to delineate the borders of the resection 
based on epileptic activity.10 Traditionally, this so-called tailoring is based on 
interictal spikes. Over the past 20 years, high-frequency oscillations (HFOs) have 
been opted as a new – more speci¿c – biomarker. HFOs are fast oscillations and 
they are divided into ripples (80-250Hz) and fast ripples (250-500Hz).11,12 
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Functional brain regionsA Conceptual epileptic regionsB

ioECoG during epilepsy surgeryC

Resected tissue

Pre-resection Per- and post-resection

Epileptogenic zoneIrritative zoneSOZMRI lesion Functional area

Movement

Sensation

Language

Visual

Figure 1: Schematic patient example of  functional regions, key zones and the resulting ioECoG tailored 
surgical resection  during epilepsy surgery. A) Schematic visualization of several functional brain regions 
not to be harmed during epilepsy, e.g. movement, sensation, language, and visualization. B) Key zones 
that construct the conceptual epileptogenic zone: MRI lesion: the structural lesion visible on the MRI 
that is presumably related to the epilepsy; the seizure onset zone (SOZ): the area where the seizures 
starts; the irritative zone: the zone where spikes and/or high-frequency oscillations occur; functional 
areas: explained in Figure 1A; the epileptogenic zone the minimal tissue that needs to be resected to 
achieve seizure freedom. As shown in this ¿gure, these zones might (partly) overlap. C) The ioECoG-
based tailoring procedure. Before resection, a recording is made: the pre-resection recording. After initial 
resection, another recording is made and, if needed, additional tissue can be resected. These last two 
steps – recording and additional resection – are repeated until the ¿nal resection is done. 
Abbreviations: ioECoG = intraoperative electrocorticography, SOZ = seizure onset zone.

Post-surgical seizure outcome

The Engel classi¿cation is commonly used to evaluate seizure outcome after epilepsy 
surgery. This classi¿cation is widely accepted among clinicians and researchers. The 
classi¿cation consists of four categories8:

Engel class I
IA
IB
IC
ID

Engel class II

Engel class III

Engel class IV

Free of disabling seizures
Complete seizure free
Only auras, no seizures
Some seizures after surgery, but seizure free for at least 2 years
Seizures occurred only when medication was withdrawn

Only rare disabling seizures.

A reduction in seizure frequency, but still signi¿cant number of seizures.

Little or no change in seizure frequency.
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Structural underlying lesional pathologies that can cause 
focal epileptic seizures2

Cavernoma A vascular malformation composed of abnormally dilated capillary 
vessels without intervening normal brain tissue.

Focal cortical 
dysplasia (FCD)

A developmental malformation of the cortex characterized by 
disorganized cortical architecture and abnormal neurons. FCD is a 
common cause of drug-resistant focal epilepsy. On MRI the lesions 
may be visible, but they are often subtle.

Mesial temporal 
sclerosis (MTS)

Sclerotic and atrophic tissue in the mesial temporal lobe. The 
hippocampus, amygdala and parahippocampal gyrus can all be 
aϑected.

Gliosis Reactive scar tissue of the brain, resulting from trauma, infection 
or prior surgery.

Low grade tumors Slow growing, often benign, brain tumors, such as: dysembryoplastic 
neuroepithelial tumor (DNET), gliomas, gangliogliomas, 
pleomorphic xanthoastrocytoma (PXA).

Tuberous sclerosis 
complex (TSC)

A genetic disorder that causes benign tumors in diϑerent parts of 
the body, especially in the brain, skin, heart and kidneys. Cortical 
tubers are the main cause of epilepsy in these patients.

A challenge in the use of these traditional biomarkers intraoperatively is their 
often focal characteristics, which may not be adequately captured by conventional 
grid electrodes with relatively low spatial resolution, so-called low-density grids. 
High-density grids have the potential to overcome this limitation by providing 
higher spatial sampling, potentially improving the detection and localization of 
epileptiform abnormalities.13

Advanced signal analysis
Traditional visual analysis of ioECoG data – for spikes and/or HFOs – is inherently 
subjective and may miss clinical important patterns. Moreover, not all patients 
show clear interictal spikes or HFOs during surgery, limiting the applications 
of these biomarkers.14 To overcome these limitations, the ¿eld is increasingly 
exploring advanced signal analysis methods and machine learning techniques.15-21 
In this thesis, we explore the possibilities of an entropy measure, spectral entropy, 
and decision-tree based machine learning techniques. Spectral entropy quanti¿es 
the irregularity or complexity of the frequency components within a signal.22,23  
Machine learning models can be trained on a labeled dataset to detect patterns. 
These models are capable of learning from large datasets and making predictions 
on unseen data, oϑering a data-driven approach to extract new information from 
our data. Their black box nature poses challenges in clinical acceptance. Explainable 
arti¿cial intelligence can give insight in the decision-making processes of machine 
learning models.24,25 This transparency can oϑer clinicians understanding and trust 
to integrate machine learning models into clinical care.26   
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Aims and outline of the thesis
The debate on the use and clinical relevance of spikes and HFOs remains 
ongoing.14,27,28 Spikes might be more useful in particular patient cohorts and 
HFOs in others.14 There is a continued need to investigate both biomarkers, how 
they behave by diϑerent pathologies, and how they can be applied eϑectively 
in ioECoG-guided resection strategies. In parallel, there is a growing interest in 
identifying and validating novel signal-based biomarkers. 

Other challenges lie in the practical use of ioECoG: how we visualize, interpret and 
record the signal. Visualization is determined largely by the chosen montage, the 
interpretation depends heavily on the clinician’s experience, pre-surgical ¿ndings, 
and presumed underlying pathology. Recording is traditionally done by low-
density grids, which may miss focal epileptiform activity. High-density grids have 
demonstrated their potential in research settings, but their clinical implementation 
introduces new challenges. 

This thesis explores the potential of ioECoG beyond traditional visual interpretations 
and aims to contribute to more precise, eϒcient, and automated delineation of the 
epileptogenic zone. The work focuses on two complementary aspects: advanced 
signal analysis of ioECoG (Part I) and the interpretation of ioECoG and clinical 
implementation of high-density grids (Part II). Together, these eϑorts aim to 
support more accurate, reproducible, and data-driven surgical decision in epilepsy 
care.

Part I – Spikes to Spectra
The ¿rst part focuses on advanced analytic methodologies applied on ioECoG. 
Chapter 2 explores the spatial and temporal characteristics of ripples and spikes 
in a seizure-free patient population with one particular underlying pathology: 
focal cortical dysplasia. In chapter 3, patients with focal cortical dysplasia (both 
seizure free patients and patients with recurring seizures) are included and we 
observe the variability of spectral entropy in epileptic tissue and the possibility 
to predict post-surgical outcomes. Chapter 4 describes the use of explainable 
arti¿cial intelligence of power spectra features in seizure free patients with a wide 
range of underlying pathologies. 

Part II – Interpretation to Innovation
The second part examines innovative  intraoperative recording techniques aimed at 
improving interpretability and utility of ioECoG. Chapter 5 describes a systematic 
evaluation of diϑerent montages to identify the most eϑective con¿guration for 
visualizing epileptic activity in intraoperative recordings. Chapter 6 demonstrates 
that the distance between interictal activity recorded from the cortical surface 
and the MRI lesion is dependent on the speci¿c pathology, emphasizing the 
importance of individualized interpretation strategies. Chapter 7 presents the 
clinical implementation of high-density ioECoG grids and discusses their potential 
to increase spatial resolution, along with the associated technical and workÀow-
related challenges.

Chapter 8 summarizes the main ¿ndings of this thesis and discusses them from 
a clinical and technical perspective. The results highlight both the potential and 
the limitations of current biomarkers and intraoperative techniques in accurately 
guiding resection. Finally, directions for future research are proposed, with a focus 
on translating analytic advances into practical tools that support real-time clinical 
decision-making in epilepsy surgery.
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Abstract
Objective
Focal cortical dysplasias (FCD) are characterized by distinct interictal spike 
patterns and high frequency oscillations (HFOs; ripples: 80-250Hz; fast ripples: 
250-500Hz) in the  intraoperative electrocorticogram (ioECoG). We studied the 
temporal relation between  intraoperative spikes and HFOs and their relation to 
resected tissue in people with FCD with a favorable outcome.

Methods
We included patients who underwent ioECoG-tailored epilepsy surgery with 
pathology con¿rmed FCD and long-term Engel IA outcome. Spikes and HFOs were 
automatically detected and visually checked in 1-minute pre-resection-ioECoG. 
Channels covering resected and non-resected tissue were compared using a 
logistic mixed model, assessing event numbers, co-occurrence ratios, and time-
based properties. 

Results
We found pre-resection spikes, ripples in respectively 21 and 20 out of 22 patients. 
Channels covering resected tissue showed high numbers of spikes and HFOs, 
and high ratios of co-occurring events. Spikes, especially with ripples, have a 
relatively sharp rising Àank with a long descending Àank and early ripple onset 
over resected tissue.

Conclusion 
A combined analysis of event numbers, ratios, and temporal relationships between 
spikes and HFOs may aid identifying epileptic tissue in epilepsy surgery.

Signi¿cance
This study shows a promising method for clinically relevant properties of events,  
closely associated with FCD.
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Introduction
Epilepsy occurs in about 65 million people worldwide.29 Epilepsy surgery can cure 
focal epilepsy.  intraoperative electrocorticography (ioECoG) might improve the 
surgical outcome by delineating epileptic tissue based on display of interictal 
biomarkers to guide the neurosurgery on the extent of the resection.30 Although 
removal of all tissue showing interictal spikes has been related to good outcome, 
other research shows that seizure freedom is also achieved by incomplete removal 
of tissue showing spikes.31,32 Residual high frequency oscillations (HFOs), a 
newly proposed biomarker, may predict seizure recurrence better than residual 
spikes.33,34 HFOs are subdivided into ripples (80-250Hz) and fast ripples (FR; 250-
500Hz). A recent double-blinded randomized-controlled trial demonstrated non-
inferiority of HFOs to spikes in extra-temporal lobe epilepsies and not in temporal 
lobe epilepsies14. Co-occurring events, like ripples and fast ripples (FR) on spikes 
(RoS; FRoS) are thought to be more speci¿c for the epileptogenic focus than spikes 
or HFOs on their own.35,36 A study in scalp EEG suggests that RoS discriminate 
between clinically important sharper spikes and irrelevant propagating spikes.37 

Focal cortical dysplasia (FCD), the underlying pathology in 20% of people with 
focal epilepsy, could generate characteristic electrophysiological patterns with 
continuous spiking. Alternatively, spikes can be completely absent.38 HFOs are 
often prominently present in FCD and higher HFO rates occur in patients with 
FCD type II compared to FCD type I.34,39,40 Epilepsy surgery is successful in about 
62% of people with FCD.41 Since the border of an FCD lesion can be hard to 
distinguish on MRI images, more knowledge is needed to delineate the extent of 
resection. Improving our understanding of the relation between HFOs and spikes 
might increase knowledge about which tissue to resect and, thus, increase surgery 
success. We investigated the spatial and temporal relations of  intraoperative 
spikes and HFOs in people with FCD with a good post-surgical outcome. The aim of 
this study was to ¿nd distinctive diϑerences between resected and non-resected 
tissue.

Methods
Patient selection

We retrospectively selected patients from the UMCU RESPect database42, a 
database consisting of patients who underwent epilepsy surgery from 2008 till 
now. Patients were selected if they met the following inclusion criteria: 1) epilepsy 
surgery with pre-resection ioECoG (pre-ioECoG), 2) FCD pathology con¿rmed by 
histology, 3) seizure free (Engel IA) ≥1 year after surgery, allowing us to assume 
that all epileptogenic tissue was incorporated in the resected area. Exclusion 
criteria were: 1) participant in randomized control trial ‘the HFO study’ 14 2) ioECoG 
sample frequency <1000Hz, 3) long-term ECoG or sEEG monitoring performed 
during pre-surgical work-up. 
Our institutional ethics committee waived the need for informed consent for 
all retrospectively collected data before 2018 – as of 2018 informed consent is 
required and obtained – and approved the use of pseudonymized data in the 
RESPect database for the purpose of retrospective research.

Clinical information

We collected clinical characteristics, including sex, age at epilepsy onset, age at 
surgery, anti-epileptic drugs (AED) before and after surgery, side of the lesion 
(left/right), anatomical location of the lesion, from RESPect database electronic 
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data capturing system (Castor, Amsterdam, The Netherlands) – data originates 
from the electronic patient database (HiX, Chipsoft, Amsterdam, The Netherlands) 
–. Histology reports were screened, and we used the 2011 ILAE classi¿cation 
of FCD subtypes to classify pathology.43 Post-surgical follow-up was performed 
by the treating neurologist on a yearly basis. Seizure outcome was classi¿ed by 
the Engel classi¿cation8, and seizure freedom was de¿ned as Engel IA. Seizure 
outcome at the longest follow-up, with a minimum of 1 year, was used.

Intraoperative ECoG recordings
ioECoG was recorded during surgery with a 2x4 grid, 4x5 grid and/or 1x8 strip 
(AD-Tech) placed directly on the cortex. The grids and strips had platinum 
electrodes, which were embedded in silicon, with a contact surface of 4.2 mm2 
and 10 mm inter-electrode distance. Recordings were made with a 64-channel 
EEG system (Systemplus, Micromed, Treviso, Italy) sampled at 1024Hz or 2048Hz 
using a common reference montage. During recordings, propofol anesthesia was 
temporarily paused to avoid burst-suppression patterns in the ioECoG and to 
avoid suppression of epileptic activity. To make reliable clinical decisions based 
on the ioECoG recording, we wait until the burst-suppression is gone and then 
we record for an additional 2-3 minutes. We selected the last minute of each 
recording to minimize the propofol eϑect, and thus burst-suppression, in the 
recordings. Included recordings were selected after cessation of burst-suppression 
patterns.44,45 Multiple recordings were done by placing the grid on diϑerent 
locations on the cortex before (pre-ioECoG) and after the resection. Tailoring was 
based on interictal spikes in the ioECoG. Per patient, the following three data pre-
processing steps were taken: 1) we selected the pre-ioECoG recording where the 
grid covered the resected and the non-resected tissue. We chose to select one 
grid location – including both resected and non-resected channels without taking 
into account anatomical location nor functional areas – instead of all available grid 
locations, because many patients have grids placed on multiple locations during 
pre-ioECoG recording outside the ultimately resected tissue. Including all these 
grid locations would have merely led to an increase in the number of non-resected 
channels, recorded in diϑerent time epochs, while we wanted to directly compare  
resected and non-resected channels. 2) we selected the last minute of the pre-
ioECoG recording to limit bias due to burst suppression and 3) converted the data 
to the Brain Imaging Data Structure (BIDS) format.42

Channel labels
We matched the  intraoperatively taken photos of the grid location on the cortical 
surface with a photo of the ¿nal resected tissue (Figure 1A). The researcher 
identi¿ed channels covering resected and non-resected tissue while being blinded 
for identi¿ed ioECoG events. Subsequently we labelled all the unipolar pre-
resection grid channels as follows : 1.) resected (covering the resection), 2.) 
edge (within 5mm of the resection border), or 3.) non-resected (>5mm from the 
resection border). Bipolar labels, required for HFO analysis, were derived from the 
unipolar channel labels as follows (Figure 1B):
•	 resected, in case both channels were labeled resected, or one resected and 

the other on edge; 
•	 edge, in case both channels were on edge, or one was on edge and the other 

non-resected, or one was resected and the other non-resected;
•	 non-resected, in case both channels were labeled non-resected.
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Event detection

We used an algorithm46 to automatically detect spikes and an HFO detector13,47 
to automatically detect ripples and FRs in Matlab 2021b (The MathWorks, Inc., 
Natick, Massachusetts, United States). We used a train set consisting of four 
patients from the total population to determine the required thresholds to optimize 
both detectors for our ioECoG data. A unipolar referential montage was used for 
spikes (settings: 0.16-80Hz IIR ¿lter, 800μV amplitude, 15sec/page) and a bipolar 
montage for ripples (settings: 80-1000Hz FIR ¿lter, 50μV amplitude, 1sec/page) 

1

Resected
tissue

Resected

Edge

Unipolair 
channel

Non-
resected

Bipolair 
channel

HFO event

Spike event

B) Grid and channel labels

C) Detected events

Legend

A)  Intra-operative photos D) Method for co-occurring events E) Ratio calculations

1. Unipolair to bipolair: 

SwR: Spike with ripple

Spike
event

Check both 
adjacent bipolar 

channels for 
overlapping HFOs

SwoR: Spike without ripple

2. Bipolair to unipolair

RoS: Ripple on spike

RnoS: Ripple not on spike
HFO
event

Check both 
adjacent unipolar 

channels for 
overlapping spikes

SwR-ratio  = 
SwR

SwR + SwoR 

SwoR-ratio = 
SwoR

SwR + SwoR 

RoS-ratio  = 
RoS

RoS + RnoS 

RnoS-ratio = 
RoS

RoS + RnoS 

?

?

?

?

Spike on 
unipolair channel 

Ripple on 
bipolar channel

Fast ripple on 
bipolar channel

F) ioECoG - raw and filtered - with events

F1) raw signal (0.16-70Hz, IIR)

Gr01 - Gr02

Gr02 - Gr03

Gr03 - Gr04

Gr04 - Gr05

Gr06 - Gr07

Gr07 - Gr08

Gr08 - Gr09

Gr09 - Gr10

Gr11 - Gr12

Gr12 - Gr13

Gr14 - Gr15

Gr16 - Gr17

Gr17 - Gr18

Gr18 - Gr19

Gr19 - Gr20

Gr13 - Gr14

Gr01 - AVG

Gr02 - AVG

Gr03 - AVG

Gr04 - AVG

Gr05 - AVG

Gr06 - AVG

Gr07 - AVG

Gr08 - AVG

Gr09 - AVG

Gr10 - AVG

Gr11 - AVG

Gr12 - AVG

Gr13 - AVG

Gr14 - AVG

Gr15 - AVG

Gr16 - AVG

Gr17 - AVG

Gr18 - AVG

Gr19 - AVG

Gr20 - AVG

F2) raw signal with spike markings
F3) filtered signal with ripple markings 
(80-250Hz, FIR)

F4) filtered signal with FR markings 
(250-500Hz, FIR)

10 s

800 μV

1 s

800 μV

1 s

50 μV

1 s

20 μV

Figure 1: Method for channel labeling and event detection. A)  intraoperative photos are used to determine 
channel positions and resected tissue. B) Visualization of the grid with unipolar and bipolar channels with 
channel labels for each channel: resected, edge or non-resected. Detected events are spike in unipolar 
channels, HFO (ripples and fast ripples) on bipolar channels. D) Visualization of the method to ¿nd co-
occurring events for 1. Unipolar to bipolar (SwR as example) and 2. Bipolar to unipolar (RoS as example). 
Note that the number of unipolar channels is diϑerent from the number of bipolar channels and the 
number of spikes is diϑerent than the number of HFOs, which causes a diϑerent number of SwR and RoS. 
E) Equations of the calculation of the ratios per channel. F) Patient example (Pat. nr. 6,  FCD subtype 
2B)  of raw and ¿ltered ioECoG data; F1) Ten seconds of raw data in AVG montage (0-70Hz, IRR ¿ltered)  
F2) Spike markings in one-second zoom of data in AVG montage (0-70Hz, IRR ¿ltered).  F3) Ripple 
markings in bipolar montage (80-250Hz FIR ¿ltered), F4) FR markings in bipolar montage (250-500Hz 
FIR ¿ltered). 
Abbreviations: HFO = high frequency oscillation, SwR = spike co-occurring with a ripple, SwoR = spike 
not co-occurring with a ripple, RoS = ripple co-occurring with a spike, RnoS = ripples not co-occuring with 
a spike, ioECoG =  intraoperative electrocorticography
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and FRs (250-1000Hz FIR ¿lter, 20μV amplitude, 1sec/page). FR detection could 
not be performed in recordings with a sample frequency of 1024Hz and/or those 
recorded with an LTM 64 Express headbox (these yielded high-frequency noise). 
The output of the spike detector was the time point of the peak of the spike on 
the channel of occurrence per detected event. The output of the HFO detector 
included the start and end time on the channel of occurrence per detected HFO.  
All automatically detected events were visually checked in BrainQuick (Micromed, 
Treviso, Italy) by two expert reviewers (ES, MvtK). Missing (e.g., false negative) 
events were added and false positive detections were discarded. 

We evaluated the following co-occurring events, de¿ned as overlap in time of 
occurrence: spikes with ripples (SwR), spikes with FRs (SwFR) ripples on spikes 
(RoS), and FRs on spikes (FRoS). We calculated the events not occurring with 
another event by subtracting the number of co-occurring events from the total 
number of events. This resulted in spikes without ripples (SwoR), spikes without 
FRs (SwoFR), ripples not on spikes (RnoS), and FRs not on spikes (FRnoS). We 
checked unipolar channels for spikes and their co-occurrence with the HFO on 
the adjacent bipolar channels (Figure 1D). In case of two unipolar spikes that 
co-occurred during the same bipolar HFO, the ¿rst in time occurring spike was 
considered most relevant and was therefore used. SwR/spike- and SwoR/spike-
ratios per unipolar channel were calculated by: SwR / (SwR + SwoR) per channel 
and SwoR / (SwR + SwoR) per channel (Figure 1E). RoS/ripple- and RnoS/ripple-
ratios per bipolar channel were calculated by: RoS / (RoS + RnoS) per channel 
and RnoS / (RoS + RnoS) per channel. 

Event timing
We visually marked the start time, end time, and time of the maximum for all 
spikes. We calculated time-based properties of the spike: the duration of the spike 
– de¿ned as the time between the start of the spike and the end of the spike –, 
the duration of the rising Àank – de¿ned as the time between the start of the spike 
and the peak –, and the duration of the descending Àank – de¿ned as the time 
between the peak and the end of the spike –. We calculated time-based properties 
of the HFOs: the duration of HFOs – de¿ned as the time between the start and the 
end time –. We calculated time-based properties of the co-occurring events: the 
percentages of co-occurring HFOs before the onset of spike, on the rising Àank, 
on the descending Àank and after the spike oϑset. 

Statistical analysis
Medians and interquartile ranges (IQR) were calculated for continuous variables. 
We calculated the following spatial properties: the total number of events (spikes, 
ripples, FR, RoS, RnoS, FRoS, FRnoS) on channels covering resected and non-
resected tissue and the median and IQR of number of events per channel. We 
compared total numbers, spike- and ripple-ratios and time-based properties 
between all channels covering resected and non-resected tissue using a logistic 
mixed model:

log(resection
patient

) = 
α + βx

property
 + α

patient
 + γ

patient
x

property
 + δ

patient
electrode + ε

patient

resection
patient 

was the binary dependent variable (resected / non-resected),  
x

property 
the spatial or time-based property, α the ¿xed intercept, β the average 

relation between the dependent variable and the x
property

. α
patient 

and γ
patient

x
property 

represented the random intercept and slope for each patient. The random 
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eϑect (δ
patient

electrode) was added when analyzing time-based properties. ε
patient 

represented the residuals. We performed subgroup analyses, only when ≥ 10 
patients, for anatomical location of the resection and FCD subtypes using afore 
mentioned statistics.  Statistics were performed in RStudio 2021.09.1 (R Core 
Team, 2021). We considered a p-value <0.05 as signi¿cant. We corrected for 
multiple comparison by the false discovery rate (FDR) method.48

Patient-wise tailoring 
We evaluated the clinical usability of the analyzed event detections and time-
based properties, per patient. For all properties in which we found a diϑerence 
between the resected and non-resected tissue at group level, we calculated 
the diϑerences per patient. If the directionality of the diϑerence matched the 
direction at group level, it was a matching property for that patient. For example; 
number of RoS is positively associated with resected tissue, for each patient with a 
positive association between RoS and resected tissue, this is a matching property. 
Subsequently, we calculated the percentage of matching properties per patient 
and the percentage of patients with a match for each property.
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Results
Clinical characteristics

A total of 22 patients (9 female) met the inclusion criteria. Median age at surgery 
was 14 (range 0-55), median age at epilepsy onset was 2 years (range 0-20 
years). Two patients used AED after surgery, the rest was seizure free (Engel 
IA)  with complete AED withdrawal. The anatomical region of the resection was 
frontal in ten, parietal in ¿ve and temporal in seven patients. Four temporal 
lobe resections included hippocampectomies, but histopathology revealed no 
hippocampal abnormalities. Based on histopathology results, two patients had 
FCD subtype 1A, six had FCD subtype 2A, 14 had FCD subtype 2B (Table 1). 

Event numbers

A total of 3344 spikes were found in 21 out of 22 patients, in 291 out of 416 
unipolar channels (11 (4) spikes per channel in resected tissue and 1.5 (5) in non-
resected tissue). SwR, 20% of all spikes, were found in 19 out of 22 patients, in 
78 out of 416 channels (0 (1) SwR per channel in resected tissue and 0 (0) in non-
resected tissue). SwoR , 80% of all spikes, were found in 21 out of 22 patients, in 
286 out of 416 channels (3 (8) SwoR per channel in resected tissue and 1 (5) in 
non-resected tissue). A total of 1296 ripples were found in 20 out of 22 patients, 
in 134 out of 321 bipolar channels (0 (5) ripples per channel in resected tissue and 
0 (1) in non-resected tissue). RoS ,77% of total number of ripples, were found in 
20 out of 22 patients, in 97 out of 321 channels (0 (2) RoS per channel in resected 
tissue and 0 (0) in non-resected tissue). RnoS, 23% of total number of ripples, 
were found in 19 out of 22 patients, in 95 out of 321 channels (0 (1) RnoS per 
channel in resected tissue and 0 (0) in non-resected tissue). 

Diϑerences between the number of events in channels covering resected and 
non-resected can be found in Table 2. A positive association was found between 
resected tissue and total numbers of events for all events (spikes: β=0.042, 
p=.008; SwR: β=0.200, p<.001; SwoR: β=0.046, p=.01; ripples: β=0.037, 
p<.001; RoS: β=0.036, p<.001; RnoS: β=0.073, p=.006) (Figure 2). A 
positive association was found between resected tissue and the SwR/spike- and  
RoS/ripple-ratios, and a negative association for SwoR/spike- and RnoS/ripple-
ratio (SwR/spike-ratio: β=5.051, p<.001; RoS/ripple-ratio: β=0.036, p<.001; 
SwoR/spike-ratio: β=-0.232, p<.001; RnoS/ripple ratio: β=-1.249, p<.001).

FR detection could not be performed in eleven patients (three with sample 
frequency of 1024Hz, eight with LTM64 headbox). A total of 214 FR were found 
in seven out of the eleven analyzed  patients, in 21 out of 182 channels. These 
eleven patients and channels were included in further analysis. All FRs were found 
in resected channels. FRoS and FRoR were found in all seven patients with FRs. 
94% of FRs co-occurred with spikes. Of these, on average 76% of the fast ripple 
span preceded the spike peaks (Figure 3). Subsequent mixed model statistics 
could not be performed due to low FR counts.
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Figure 2: Relation between total number of events or ratio and resected tissue. Colored lines are the 
patient speci¿c logistic regression lines. The bold black line represents the ¿xed eϑect of the model. 
The ¿xed coeϒcient β represents the average relation between the dependent variable and resected 
channels. What can be seen is that especially the ratio of ripples on spikes compared to all ripples and 
the ratio of ripples not on spikes compared to all ripples are related to resected/non-resected channels in 
all individual patients. p-values are the FDR adjusted p-values. Abbreviations: RoS = ripples co-occurring 
with a spike, RoS-ratio = RoS / ripples per channel, RnoS = ripples not co-occurring with a spike,   
RnoS-ratio = RnoS / ripples per channel.
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Event timing
The diϑerences in total durations of spikes and the rising and descending Àanks 
of spikes can be found in Table 3. For all spikes, a non-signi¿cant negative 
trend was observed between the duration of the rising Àank and resected tissue  
(β=-12.07, p=.07), and a positive association was seen between the descending 
Àank and resected tissue (β=17.41, p<.001). For SwR, a negative association 
was observed between resected tissue and total duration (β=-75.97, p<.001) 
and duration of the rising Àank (β=-102.77, p<.001). A positive association was 
observed between resected tissue and duration of the descending Àank (β=11.88, 
p<.001). Comparing SwR and SwoR, we found a shorter total duration (Wilcoxon, 
p<.001) and shorter duration of the rising Àank (Wilcoxon, p<.001) in SwR than 
SwoR. No diϑerence was observed for the duration of the descending Àank in SwR 
and SwoR (Wilcoxon, p=.47).

The median duration of ripples was 47.0 (21.0) ms in resected and 44.0 (18.8) 
ms in non-resected tissue (β=3.85, p=.70; Table 3). The duration of RoS was 
longer than the duration of RnoS (Wilcoxon, p<.001). A positive association was 
observed between resected tissue and the start time of the ripple minus the 
start time of the spike (β=5.25, p<.001). A positive association was observed 
for the duration of RoS and resected tissue (β=3.63, p=.008), while a negative 
association was observed for the duration of RnoS and resected tissue (β=-5.71, 
p<.001). The averaged time span of ripples preceded the spike peak with 62% for 
the resected and 56% for the non-resected tissue (Figure 3). A positive trend was 
observed between resected tissue and percentage of the ripple before the spike 
started, while a negative association was observed between resected tissue and 
percentage of the ripple after the spike ended.

Before start of spike

Start / end point HFO

After ending of the spike

Rising flank of spike

Descending flank of spike

α
α

γ γ

β β 

ms
μV

ms
μV

Ripple (80-250Hz) Ripple (80-250Hz)

Fast ripple (250-500Hz)

24%

23%

38% 23% 12%32%33% 38%

57%19%

A B

Figure 3: The averaged percentages of the time span of the ripple (top) and fast ripple (bottom) with 
respect to the time span of the co-occurring spike. A) resected tissue, B) non-resected tissue. Note that 
there were no fast ripples present in non-resected tissue. 
Abbreviations: α = start of the spike, β = peak of the spike, γ = end of the spike. HFO = high frequency 
oscillation.
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Subgroup analysis
Event numbers
Subgroup analysis for anatomical location (10 frontal lobe epilepsies) showed 
merely the same results as the total population: a positive association between 
resected tissue and total number of spikes, SwR (trend), SwR/spike-ratio, SwoR, 
ripples, RoS, RoS/ripple-ratio, and RnoS and a negative association between 
resected channels and SwoR/spike-ratio and RnoS/ripple-ratio. (Table 2) For 14 
patients with FCD subtype 2B, we found a positive association between resected 
tissue and SwR, SwR/spike ratio, ripples, RoS, RoS/ripple-ratio, and a negative 
association for RnoS.

Event timing
Subgroup analysis of anatomical location frontal lobe epilepsy (N=10) showed 
results that were diϑerent from the total populations: signi¿cantly negative 
associations between resected tissue and the duration of the rising Àank of all 
spikes, the duration of ripples and the duration of RnoS. The associations for 
the durations of SwR that were all in a diϑerent direction compared to the total 
population (Table 3). Subgroup analysis for FCD subtype 2B (N= 14) were mostly 
alike the total group, showing a negative association between resected tissue and 
total durations of SwR and RoS, and the duration of the rising Àank of SwR, while 
a positive association was found for descending Àank of SwR, the total duration of 
RnoS and the start time of the ripple minus the start time of the spike. (Table 3).

Patient-wise tailoring 
The properties used to evaluate clinical per-patient usability were the total number 
of spikes, SwR, SwoR, RoS/ripple-ratio, RnoS/ripple-ratio, duration of the rising 
Àank of spike, duration of the descending Àank of spike, duration of RoS, duration 
of RnoS, and the time between the start of the ripple and the peak of the spike. 
The highest percentage of matching properties per patient was 90.0% (Median: 
40%, IQR: 28%)). 14 out of 22 patients had at least four matching properties. In 
20 patients (91%) we found at least one matching property. The percentage of 
patients with a match was highest for RoS/ripple-ratio (14 patients; 64%). 
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Discussion
A combination of spatial and time-based properties of ripples co-occurring with 
spikes, seems to distinguish best between resected and non-resected tissue 
in people with FCD. Where other research focuses on the individual numbers 
of HFOs34,39,49, we concentrate on the number and time-relations of ripples co-
occurring with spikes. Van Klink et al.37 demonstrated a ¿rst time-relation 
between ripples and spikes in scalp EEG and Shi et al.50 showed that the majority 
of spike ripples were removed in implanted intracranial EEG. We are the ¿rst to 
explore this phenomenon in ioECoG recordings in patients with FCD. We found 
more RoS, earlier starts of the ripples co-occurring with the spikes, and longer 
ripple durations in resected tissue compared to non-resected tissue. We found 
that non-resected tissue contained higher SwoR/spike-ratio and RnoS/ripple-ratio 
than resected tissue. Subgroup analysis revealed that these properties are clearly 
distinctive in patients with FCD subtype 2B. These results suggest that combining 
spikes and HFO properties can help delineate resected tissue, which could help to 
achieve seizure freedom in people with FCD. 

This study emphasizes the importance of the rising Àank of the spikes with a co-
occurring ripple. RoS occurred earlier on the spike in resected tissue compared to 
non-resected tissue. The morphology of the spike can be explained by the duration 
of rising and descending Àank. Building on literature acknowledging distinct 
morphologies51, our ¿ndings align with shorter rising and longer descending Àanks 
in resected tissue, i.e. sharper spikes are more speci¿c for the epileptogenic zone. 
The earlier manifestation of RoS within resected tissue, prompts a hypothesis that 
ripples and spikes originate from independent neural networks52. The temporal 
disparity between resected and non-resected tissue may be attributed to the 
faster spread of spikes. While spreading dynamics were not explicitly explored, 
this avenue holds promise for future investigations into underlying neurobiological 
mechanisms. While most research on RoS was conducted in scalp EEG35,36, 
one study in intracranial stereo-EEG similarly showed that RoS have a higher 
correlation with seizure onset zone (SOZ) than ripples or spikes alone.53 A study 
on ictal onset patterns suggested that spikes preceded by FR occur more often 
in the SOZ.54 A post-hoc analysis con¿rmed that 13 out of 17 FRnoS precede a 
spike within 300ms. Another post-hoc analysis showed that all FR co-occur with a 
ripple within 100ms. Thus, spikes superimposed simultaneously with ripples and 
FR provide no additional information to SwFR.

It is often indicated in literature51 that RnoS should be considered as physiological 
and have a longer duration than pathological ripples. We found a negative 
association between resected tissue and RnoS/ripples-ratio. In other words, the 
more RnoS were seen compared to RoS in one channel, the more likely it is that 
the tissue underneath that channels was non-resected. We found longer durations 
of RoS than RnoS. This contrasts with the assumption that RnoS are physiological 
ripples and have a longer duration. The RnoS were shorter in resected tissue than 
in non-resected tissue and part of RnoS might thus be pathological ripples as well.55 
The process of selecting both resected and non-resected tissue was deliberately 
conducted without being inÀuenced by any knowledge of anatomical location or 
functional areas, but researchers could not be totally blinded. While we aimed to 
minimize biases associated with these factors, it is important to acknowledge that 
our data selection methodology may have inadvertently introduced biases in the 
pursuit of achieving statistical signi¿cance. 
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In all patients with FCD type 2B that were included for analyzing FR, FR were 
present. We found low numbers of ripples and no FR in patients with FCD type 
1A. These results are similar to ¿ndings in long-term intracranial EEG, where 
higher numbers of HFOs were found in FCD types 2 than FCD types 1.39 It is 
important to note that our study cohort includes a limited number of patients 
with FCD type 1, which might impact the generalizability of this comparison. A 
study by Abdijadid et al.56 investigating the mechanisms of epileptogenisis and its 
electrographic correlates, in FCD type I and II, demonstrated that not the balloon 
cells, but the dysmorphic and immature neurons play a crucial role in initiation 
and spread of epileptic spikes. It is interesting what the role of these neurons 
play in the initiation and spread of HFOs. The lack of speci¿c histological ¿ndings 
beneath each electrode in this retrospective study hinders this extra analysis. 
Our  intraoperative recordings, and thereby potentially also the number of HFO 
events, were inÀuenced by propofol anesthesia. Anesthesia reduces the number 
of HFOs in comparison to HFOs during non-REM sleep, while it does not reduce the 
number of interictal spikes.44,57 This could explain the fewer occurrences of HFOs, 
compared to other long-term intracranial studies.39,58 

Whereas in most intracranial EEG studies the events are compared to the SOZ,  
we compared the events to the resected tissue. Labelling the SOZ requires ictal 
information and subject to non-objective interpretation by the epileptologists, 
and it’s value as gold standard is debated as complete removal of SOZ tissue 
is no guaranty for seizure freedom.59  Similar to the rationale of Cimbalnik et 
al.60 we labeled resected tissue as epileptic tissue, which represents the most 
practical method to label epileptic tissue in our study population in absence of 
SOZ information. By selecting a population based on a strict de¿nition of seizure 
freedom, we assumed that all epileptic tissue was incorporated in the resected 
tissue. A consequence of this choice is that resected tissue might contain both 
epileptogenic and non-epileptogenic tissue. Channels could be labeled as resected, 
even if there is no epileptogenic tissue underneath. This inclusion of resected 
non-epileptogenic channels in our results may have an impact. According to 
our anticipation, these channels may possess properties similar to non-resected 
tissue, thereby complicating the diϑerentiation between resected and non-
resected regions. Another limitation of our study is the exclusion of patients with 
unfavorable outcome. In our patient selection, with 91% of patient long-term 
Engel IA without any AED, strengthens our hypothesis that the epileptic tissue was 
incorporated in the resected tissue. 

A limitation is that we could not analyze FR in all patients, because of the high 
frequency noise produced by the LTM64 headbox (Micromed, Italy). This is an 
example of problems that can be encountered in clinical practice. A lot of devices 
are present in the operation room, which yield noise in the ioECoG recordings. It 
is imported to be aware of this to accurately interpret ¿ndings in the recordings. 
Another limitation is the choice of one recording per patient. With this choice, we 
lowered the number of channels covering non-resected tissue, and thus improved 
the resected versus non-resected channels ratio. 

Although our included patients with resections of FCD still yield a heterogeneous 
group with diϑerences in the anatomical location of the resection, subgroup 
analysis (n>10) could be performed for frontal-lobe resection. The HFO trial, a 
randomized controlled trial, suggests that extra-temporal resections might bene¿t 
more from HFO analysis than temporal resections.14 We con¿rm the results of use 
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of HFOs in the subgroup of frontal-lobe resections (n=10), but not for temporal 
lobe resections due to a too small group size (n=7). Please note that the HFO 
trial was conducted in the same center, but there was no overlap in patients 
for this study. In this retrospective study, we have de¿ned anatomical locations 
based on the position of the FCD lesion as identi¿ed on the MRI. It is crucial to 
note that the exact electrode positions were not determined in accordance with 
gyrus anatomy due to the inherent retrospective nature of our study. As we move 
forward, the development of an  intraoperative HFO atlas could potentially address 
these challenges, and we remain vigilant about incorporating such advancements 
in future studies.

In clinical practice, the underlying pathology is rarely con¿rmed prior to the surgery. 
Often, an FCD pathology is suggested by the radiologist based on MRI imaging 
pre-surgery. A next step would be to see if the pathology can be predicted by the 
ioECoG signal, a recent study did this on stereo-EEG data.61 This knowledge about 
the underlying pathology might help the neurosurgeon during epilepsy surgery. 
Future research focusing on biomarkers in ioECoG should examine variations in 
the fundamental pathologies causing epilepsy. Pathology-speci¿c biomarkers in 
the ioECoG could further help delineate the epileptic tissue during epilepsy surgery.
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Abstract
Objective
Epilepsy surgery in people with focal cortical dysplasia (FCD) requires accurate 
removal of all epileptogenic tissue, and outcome is diϒcult to predict. We explored 
whether spectral entropy, a fast computable electroencephalographic (EEG) 
feature, could estimate epileptic activity in intraoperative electrocorticography 
(ioECoG) and forecast post-surgical outcomes. 

Methods
We included people with FCD pathology who underwent ioECoG-assisted resective 
surgery. We analyzed ioECoG recordings acquired before and after resection. 
We computed spectral entropy  across eight frequency bands (1-500,1-4,4-8,8-
12,12-20,20-80,80-250,250-500Hz) in 2s-epochs during 1 minute, and the mean 
and SD per electrode. The pre-resection features were the input for a random 
forest machine learning model to classify channels covering resected from non-
resected tissue. Explainable arti¿cial intelligence was used to select features that 
positively inÀuenced the model predicting resected tissue. We then related these 
markers measured after the resection to postsurgical outcome using trend analysis 
(Jonckheere-Terpstra) across outcome groups Engel IA without medication, Engel 
IA-ID, Engel II, Engel III and Engel IV.

Results
We analyzed ioECoG data from 37 patients (age range 0-61 years, 21 patients 
were ≤16 years), including 2270 pre-resection and 1278 post-resection channels. 
The random forest model discriminated between resected and non-resected cortex 
(validation fold AUC=0.84; 95%-CI: [0.74-0.95]). Features with the strongest 
positive Shapley Additive exPlanations values (SHAP) included high spectral 
entropy variability (SEV) in the 80-500Hz bands. In post-resection recordings, 
higher mean SEV and greater spatial variability of SEV were associated with 
poorer Engel outcome across several frequency bands. After multiple comparison 
correction, the positive relationship between high mean SEV (p=0.004) and high 
spatial variability (p=0.001) in 250–500Hz with poor seizure outcome remained 
statistically signi¿cant.

Conclusion
SEV is a real-time computable invasive EEG marker that represents persisting 
epileptic activity after resection. SEV may be used to evaluate resection adequacy 
directly or may reÀect residual epileptic activity.  This would enable epilepsy 
surgery guidance and post-surgical counseling and decision making. 
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Introduction
Resective surgery is a potential cure for focal epilepsy, which requires 
precise identi¿cation and resection of epileptogenic tissue.  intraoperative 
electrocorticography (ioECoG) may enhance surgical outcomes by tailoring of 
the resection, traditionally based on interictal epileptiform discharges.10,30,64 Focal 
cortical dysplasia (FCD) is the underlying pathology in 20% of people with focal 
epilepsy and is associated with postoperative seizure freedom rates of 62%.41 
Optimizing  intraoperative delineation of epileptic tissue through advanced ioECoG 
signal analysis techniques may improve the precision of the resection and thereby 
clinical outcomes. 

Among advanced EEG signal analysis techniques applied in the past decades, 
entropy-based measures quantify the temporal variability and spectral 
irregularity of cortical activity, i.e., the degree of synchrony versus asynchrony 
in the underlying neuronal population. Entropy measures have been successfully 
applied on EEG signals to detect seizures16, to monitor anesthesia depth17, and 
to diagnose dementia18. There is a wide variety of entropy-based measures and 
they can be calculated from the signal in the time or frequency domain. Spectral 
entropy reÀects the distribution of power across frequencies.22,23 Low spectral 
entropy values indicate concentrated energy in one frequency, suggestive of 
synchronous neuronal ¿ring. High values reÀect an evenly spread distribution 
of power, indicative of asynchronous activity.98 Diϑerent theories exist on 
synchronous and asynchronous ¿ring patterns in relation to epileptic tissue. One 
theory suggests that regularity, i.e., low entropy, of interictal gamma oscillations 
and the presence of high-frequency oscillations (HFOs) are correlated with 
the epileptogenic tissue.27,34,99,100 The underlying mechanisms of HFOs involve 
pathological synchrony, as well as asynchrony at the cellular and network levels.101 
This combination of  synchronous and asynchronous ¿ring patterns may lead 
to temporal Àuctuations in spectral entropy.102  Mooij and colleagues103 showed 
that the standard deviation, i.e., variability, of wavelet entropy in the 80-200Hz 
range in stereo EEG recordings was a predictor for epileptic tissue.103 Spectral 
entropy is suitable for online real-time ioECoG analysis during surgery due to its 
fast computation. Machine learning approaches can be applied to automatically 
classify features that distinguish epileptogenic from non-epileptogenic tissue.104 
Moreover, explainable arti¿cial intelligence techniques provide an opportunity to 
open the black box of these models by highlighting the most relevant frequency 
bands and measures, thereby oϑering a transparent, data-driven framework to 
support surgical decision-making.105,106

We wanted to test if readily calculable spectral entropy features like variability 
may serve as a predictor for epileptic tissue in ioECoG recordings. We focused on 
patients with underlying FCD pathology to create a relatively homogeneous cohort 
with a considerable potential to improve surgical outcomes. The aims of this study 
were twofold: 1) to investigate whether spectral entropy in diϑerent frequency 
bands of pre-resection ioECoG distinguishes between resected and non-resected 
tissue; 2) to explore the potential of spectral entropy in post-resection ioECoG to 
predict post-surgical outcome at individual patient-level. 
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Methods
Patient selection
We retrospectively included people from the University Medical Center Utrecht and 
SEIN RESPect database42. This database contains patients who underwent epilepsy 
surgery from 2008 till 2023. We included patients when they: 1) underwent 
tailored epilepsy surgery with ioECoG recordings pre- and post-resection, 2) had 
FCD pathology con¿rmed by histopathology. We excluded patients based on the 
following criteria: 1) prior brain surgery, since the cortex is not intact at the start 
of the surgery; 2) ioECoG sample frequency <1000Hz, since we want to analyze 
up to 500Hz (Nyquist frequency) and thus the sample frequency needs to be 
twice this Nyquist frequency; 3) participant in randomized control trial ‘the HFO 
study’14, since the tailoring method (spikes versus ripples) was randomized in this 
study. 

The UMCU and SEIN institutional ethics committee waived the need for informed 
consent for all retrospectively collected clinical data in the RESPect database 
before 2018. As of 2018 informed consent was required and obtained. Accordingly, 
pseudonymized data usage for the purpose of retrospective research was 
approved.

Clinical data
We collected the following clinical characteristics from the RESPect database 
(Castor eCDF, Amsterdam, The Netherlands): gender assigned at birth, age at 
epilepsy onset, age at surgery, duration of epilepsy (age at surgery - age at 
epilepsy onset), lesion laterality (left/right), anatomical location of the lesion 
on MRI, FCD subtype, and post-surgical seizure outcome. The FCD subtypes 
were based on the 2011 ILAE classi¿cation.43 Post-surgical seizure outcome was 
evaluated and classi¿ed using the Engel classi¿cation on a yearly basis by the 
treating neurologist.8 Longest available seizure outcome was used, with a minimum 
of 1 year. Patients were divided in ¿ve groups based on seizure outcome: 1) 
Engel IA+: complete seizure freedom with successful withdrawal of all antiseizure 
medications; 2) Engel IA-D: free of disabling seizures; 3) Engel IIA-D: rare 
disabling seizures; 4) Engel IIIA-B: worthwhile improvement of seizures; and 5) 
Engel IVA-C: no worthwhile improvement. 

Intraoperative recordings
ioECoGs were recorded with grids and/or strip electrodes (AD-Tech or Dixi Medical) 
placed directly on the cortical surface of the brain. The grid and strips consisted of 
platinum electrodes with 4.2 mm2 contact surface (AD-Tech) or 12.6mm2 contact 
surface (Dixi Medical). Recordings were acquired with a 64-channel EEG system 
(Systemplus, Micromed, Treviso, Italy) sampled at 1024Hz or 2048Hz using a 
common reference, behind the ear on the mastoid. Propofol anesthesia was used 
in combination with an analgesics at the start of the surgery. Propofol starting 
dose was patient-speci¿c. Propofol was temporarily paused during recording 
to avoid suppression of epileptic activity and burst-suppression patterns in the 
ioECoG.107 Average duration of the propofol pause is 9±5 minutes in our center. 
The standardized protocol for anesthesia and propofol pausing was described in 
detail by Sun et al.107  Intraoperative tailoring was based on interictal spikes. 
Location of ioECoG recordings were chosen by the neurologist and neurosurgeon 
based on location of the MRI abnormality, anatomical possibilities (e.g. bridging 
veins can prevent the grid from being placed in a certain location), and ¿ndings 
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in ioECoG recordings during the surgery (e.g. if interictal spikes are found on the 
border electrodes of the grid, the grid will be replaced so the border electrodes of 
the previous recording are centered in the new recording). After opening of the 
skull and dura mater, one or more pre-resection ioECoG recordings were acquired 
in diϑerent positions on the intact cortex. After the initial resection, ioECoG was 
performed to evaluate residual epileptiform activity. Recordings acquired after 
the ¿nal resection, i.e., when no further surgical intervention was planned, were 
de¿ned as post-resection recordings. During surgery photos were taken of the 
exposed cortex without grids, of each grid position, and of the ¿nal resection 
cavity. (Figure 1A)

Electrode locations and channel labels
We determined individual electrode locations on the cortex based on the  
intraoperative photos. Photos of pre-resection grid positions were matched with 
a pre-resection photo of the exposed cortex without grids. Photos of the pre- and 
post-resection grid positions were matched with a photo of the cortex showing 
the ¿nal resection cavity. As a next step this resection cavity was projected onto 
the pre-resection grid to label its channels into two categories: 1) resected, i.e., 
channels covering the resection cavity and/or a 5 mm border around the resection 
cavity; 2) non-resected, i.e., all other channels at least 5 mm distance from the 
resection border.108 (Figure 1A)

ioECoG post-processing
To facilitate signal post-processing, each ioECoG recording was converted into the 
Brain Imaging Data Structure (BIDS) format, which involves a standardized data 
organization, anonymization and artifact annotation.42 We included all pre- and 
post-resection recordings of each patient when at least 50 seconds of artifact 
free data was available. We excluded recordings containing motor or sensory 
stimulation. We selected 50-60 seconds of artifact-free segments from the end of 
each recording to avoid burst-suppression patterns, which often occurred at the 
beginning of the recording due to discontinuation of propofol. The ioECoG signals 
were notch-¿ltered at 50Hz to remove line noise and subsequently divided into 
non-overlapping epochs of 2 seconds. 

Spectral entropy analysis
We calculated the spectral entropy (Supplementary Materials) in eight conventional 
frequency bands: broadband (1-500Hz), delta (1-4Hz), theta (4-8Hz), alpha  
(8-12Hz), beta (12-20Hz), gamma (20-80Hz), ripple (80-250Hz), and fast ripple 
band (250-500Hz). Spectral entropy values range between 0 and 1. A value close 
to 0 indicates regularity within the frequency band, i.e., the signal contains one 
dominant frequency. A value close to 1 indicates irregularity within the frequency 
band, i.e., the signal contains a variety of frequencies within the selected frequency 
band.23 The toolbox Entropyhub was used to calculate spectral entropy.109 We 
calculated spectral entropy over all two seconds non-overlapping epochs, resulting 
in 25 to 30 spectral entropy values per channel per frequency band.  
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Machine learning to classify resected channels
We used a machine learning approach to explore diϑerences in spectral entropy 
between resected (i.e. epileptic tissue) and non-resected channels (i.e. non-
epileptic tissue) in pre-resection recordings. We included only patients with good 
outcome in this explorative analysis, since all epileptic tissue in these patients is 
included in the resected channels. We calculated a set of 16 features per channel 
for pre-resection recordings; the mean and standard deviation (SD) of the spectral 
entropy over all epochs per frequency band. This mean and SD represented the 
average and variability of the spectral entropy over time per channel. We refer 
to the average as the mean spectral entropy per channel and we refer to the 
standard deviation as the spectral entropy variability (SEV) per channel. The set 
of 16 spectral entropy features per channel were used as input and the channel 
labels – resected or non-resected – were used as output. We trained a random 
forest model with leave-one-subject-out cross validation. To determine the best 
hyperparameters for the random forest, we executed a grid search, we selected 
the parameters with the highest area under the curve (AUC) value.110,111 Accuracy, 
sensitivity, speci¿city, positive and negative predictive values were calculated for 
the validation fold. Shapley Additive exPlanations (SHAP) was used to evaluate 
the contribution of each feature to its performance. 
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Figure 1: Methodology of the classi¿cation of channel labels and the computation of spectral entropy. A)  
intraoperative photos taken during surgery were used to label all channels of the pre-resection recordings 
into channels covering resected and non-resected cortex. B) Spectral entropy was calculated over 2s 
epochs via the normalized power spectrum. This resulted in a spectral entropy over time-curve for each 
frequency band. The mean and standard deviation were calculated over this curve to compute the mean 
and SD of spectral entropy for each channel in each frequency band. C) These features were used as 
input for the machine learning models to distinguish channels covering resected and non-resected cortex. 
D) Per patient, the mean and standard deviation of SEV over all channels was calculated. These features 
were associated with post-surgical seizure outcome. 
Abbreviations: ioECoG =  intraoperative electrocorticography, mm = millimeter, SD = standard deviation, 
SEV = spectral entropy variability.
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Spectral entropy variability as a predictor for surgical outcome
To investigate whether  spectral entropy was associated with post-surgical outcome, 
we used a patient-wise analysis where SEV measures were aggregated per patient 
using the mean and the standard deviation across all channels. Features were 
calculated independently for all post-resection recordings. Features per patient 
were plotted against the ¿ve seizure outcome groups. We ¿tted a second-degree 
polynomial to the data for visualization purposes only, to illustrate the direction 
of observed associations. The statistical signi¿cance of these associations were 
assessed separately using the Jonckheere-Terpstra test, which evaluates whether 
there is a monotonic increase or decrease in entropy variability across the ¿ve 
seizure outcome groups.112 We applied the false discovery rate (FDR) method for 
multiple comparison correction.

Statistical analysis for clinical variables and software
For all continuous clinical variables, we calculated the median and interquartile 
range (IQR). We used Kruskal-Wallis test for continuous variables and χ2-test 
for categoric variables to determine group diϑerences. To assess whether age at 
epilepsy, age at surgery, and duration of epilepsy duration acted as a confounder, 
a separate linear regression analysis was performed for spectral entropy values 
in each frequency band for non-resected channels in the pre-resection recordings 
and all post-resection recordings. The potential confounder was entered as the 
independent variable. Model ¿t was evaluated using the coeϒcient of determination 
(R²), and statistical signi¿cance was evaluated using the omnibus F-test of the 
regression model. 

All machine learning training, testing, and SHAP analyses were performed in 
Python 3.12 (Spyder version 5.5.1). All other pre- and post-processing analyses 
were performed in Matlab R2024a (The MathWorks, Inc., Natick, Massachusetts, 
United States). We considered a p-value <0.05 signi¿cant.  We showed results 
with and without FDR correction.

The code for spectral entropy calculation can be found on Github: https://github.
com/UMCU-EpiLAB/umcuEpi_ioECoG_SpectralEntropy.
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Results
Patient selection and clinical data
92 patients underwent ioECoG-guided surgery between 2008 and 2023 with FCD 
pathology con¿rmed with histopathological examination. We excluded 25 patients 
with previous surgeries, 9 with recordings <1000Hz and 21 people included in the 
HFO trial. We thus included 37 patients (18 female; median age at surgery 14 
(IQR 17) years, 21 patients ≤16y; median age at epilepsy onset 3 (IQR 11) years) 
that underwent ioECoG-tailored surgery. Seventeen patients were seizure free 
with complete withdrawal from antiseizure medication (Engel score IA+), eleven 
had Engel score IA-D, four had Engel score IIA-D, two had Engel score IIIA-B and 
three had Engel score IVA-C. Histopathology revealed FCD type I in eight patients 
(Ia: 4 patients; Ib: 3 patients; no further classi¿cation: 1 patient), and FCD type 
II in 29 patients (IIa: 7 patients;  IIb: 21 patients; no further classi¿cation: 
1 patient). Anatomical locations of the intraoperative recordings were frontal 
(n=15), temporal (n=12), parietal (n=3), fronto-parietal (n=1), temporo-parietal 
(n=2), temporo-occipital (n=2), parieto-occipital (n=1), temporo-parieto-occipital 
(n=1). There were no diϑerences in age at surgery (p=0.08),  age at epilepsy 
onset (p=0.51) and epilepsy duration (p=0.09) between the ¿ve outcome groups. 
There was a signi¿cant diϑerence between follow-up time between the ¿ve 
outcome groups (p=0.03). In post-hoc testing, no group diϑered signi¿cantly 
from another, indicating an overall between-group variation. Another signi¿cant 
diϑerence in clinical characteristics between the ¿ve outcome groups was found 
in FCD subtypes (p=0.02). All patients within outcome group with Engel score III 
have a FCD type Ib. (Table 1)

Intraoperative recordings
Five patients had recordings with a sample frequency of 1024Hz. The median 
of included pre-resection ioECoG recordings was three diϑerent locations on the 
cortex per patient (IQR 2; range 1-7) and the median of included post-resection 
recordings was two (IQR 1; range 1-6). A total of 291 channels were excluded 
from further analyses, 242 due to poor signal quality and 49 due to less than 50s 
of artefact-free data. This resulted in a total of 2270 pre-resection channels (864 
resected and 1406 non-resected) and 1278 post-resection channels for further 
analysis. (Table 1) The median number of pre-resection channels per patient was 
52 (IQR 33) and the median number of post-resection channels per patient was 
27 (IQR 24). 

Machine learning approach to classify resected channels
The random forest model showed a performance of AUC is 0.84 (95%-CI:  
[0.74-0.95]) on the cross-validation fold (Figure 2A). The accuracy was 0.72, 
the sensitivity 0.56, the speci¿city 0.95, the positive predictive value 0.92, 
the negative predictive value 0.85. Feature importance analysis using SHAP 
revealed that mean spectral entropy and  in several frequency bands contributed 
substantially to the model’s predictions. As a general trend, lower mean spectral 
entropy in the broad and ripple bands, a higher mean spectral entropy in the alpha 
band and higher SEV in the gamma, ripple and fast ripple bands contributed to the 
prediction of resected channels in the model. (Figure 2B&3)
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Figure 2: The ROC curve and explainable AI ¿ndings of the random forest model trained to distinguish 
channels covering resected and non-resected cortex. A) The ROC curve with an AUC of 0.98 on the 
training set and an AUC of 0.84 on the cross-validation fold B) SHAP analysis revealed the input features 
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Abbreviations: AI = arti¿cial intelligence, AUC = area under the curve, ROC = receiver operating 
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Spectral entropy variability as a predictor for surgical outcome 
In post-resection recordings, we found a positive association between mean SEV 
and poor seizure outcome for theta (p=0.048) and fast ripple band (p=0.004) 
and a positive association between the spatial variability of SEV and poor seizure 
outcome for the delta (p=0.01), theta (p=0.04), beta (p=0.04), ripple (p=0.03) 
and fast ripple band (p=0.001). After multiple comparison correction, the positive 
relationship between high mean and variability of SEV in the fast ripple band in 
post-resection recordings remained statistically signi¿cant. (Table 2; Figure 4) 
There was no signi¿cant eϑect of any of the confounders (age at surgery, age 
at epilepsy onset, and epilepsy duration) on the mean spectral entropy and SEV 
values for non-resected pre-resection recordings and all post-resection recordings. 

A

B

C
Ripple bandGamma band

5y    

FCD IIb

Engel IVB

Mean spectral entropy

Ripple band

SEV

Gamma band Ripple band

3y    

FCD IIb

Engel IA+

Mean spectral entropy

Ripple band

SEV

Mean spectral entropy

Ripple band Gamma band Ripple band

9y    

FCD IIb

Engel IA+

SEV Mean spectral

entropy

SEV

0.94

0.80

0.66

0.52

0.38

0.24

0.25

0.20

0.15

0.01

0.05

0.00

Resected Ɵssue

Figure 3: Spectral entropy features with highest absolute SHAP values of all pre-resection channels 
projected on intraoperative photo with resection cavity for three patients: mean spectral entropy in ripple 
band, and SEV in gamma and ripple band. Two patients with good outcome (A and B) show deviating 
values within the resected tissue, whereas a patient with poor outcome (C) shows deviating values both 
within and outside the resected tissue. For all patients, age at surgery (years), FCD subtype, and Engel 
seizure outcome are shown. A) pt. nr 17 had good post-surgical outcome (Engel IA+). We observed 
lower values of mean spectral entropy in the ripple band and high values of SEV in the ripple band within 
resected tissue. B) pt. nr 15 had good post-surgical outcome (Engel IA+). We observed high values of 
SEV in the gamma band within the resected tissue. C) pt. nr 37 had poor post-surgical outcome (Engel 
IVB). We observed high values of mean spectral entropy in the ripple band and deviating values of SEV 
in the ripple band all over the exposed cortex. 
Abbreviations: IA+ = Engel score IA with complete withdrawal of medication, FCD = focal cortical 
dysplasia, y = year, SEV = spectral entropy variability.
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Features Mean SEV Variability of SEV

Broadband JT = 278.3 p = 0.12 JT = 249.6 p = 0.33

1-4Hz JT = 226.6 p = 0.44 JT = 318.6 p = 0.01*

4-8Hz JT = 297.9 p = 0.048* JT = 302.5 p = 0.04*

8-12Hz JT = 245.0 p = 0.38 JT = 270.3 p = 0.17

12-20Hz JT = 253.0 p = 0.30 JT = 302.5 p = 0.04*

20-80Hz JT = 224.3 p = 0.417 JT = 246.1 p = 0.36

80-250Hz JT = 296.7 p = 0.05 JT = 307.1 p = 0.03*

250-500Hz JT = 335.8 p = 0.004* JT = 361.1 p = 0.001*

Table 2: Patient-wise analysis between the mean SEV and variability of SEV and the seizure outcome 
groups. These analyses were performed for  all channels from the post-resection recordings.

* p-value of 0.05 considered signi¿cant,  remains signi¿cant after multiple comparison correction. 
Abbreviation: JT = Jonckheere-Terpstra eϑect size.

Figure 4: Mean and variability of SEV per patient in fast ripple band versus outcome groups. The ¿tted 
line is a second-degree polynomial to show the association between entropy values and seizure outcome. 
The statistical test used was the Jonckheere-Terpstra test to evaluate whether the association was 
signi¿cant.
Abbreviations: IA+ = Engel score IA with complete withdrawal of medication, SEV = spectral entropy 
variability.
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Discussion
We demonstrated that low mean spectral entropy and high SEV distinguished 
resected tissue from non-resected tissue in people with FCD. We found an 
association between SEV and post-surgical seizure outcome with a stepwise 
increase across Engel outcome groups: the higher the mean and variability of SEV, 
the poorer the seizure outcome. The fast ripple band exhibited this phenomenon 
most, followed by the ripple and theta bands (and delta for only the variability 
of SEV). The ease of calculating spectral entropy directly makes it a promising 
biomarker for real-time intraoperative display, with the potential to improve 
resection precision and to be used as an associated measure for seizure outcome 
for optimal post-surgical counseling.
Explainable AI revealed that resected channels were characterized by high 
SEV in the gamma and ripple bands. These results align with prior studies on 
entropy and HFOs in stereo-EEG recordings, showing that wavelet and relative 
entropy in the ripple frequency band can diϑerentiate epileptic tissue from non-
epileptic tissue.103,113 Wavelet and relative entropy may capture non-linear or 
time-frequency dynamics in greater detail, but these features are complex with 
a high computational burden. Spectral entropy oϑers a signi¿cant advantage in 
terms of computational eϒciency and simplicity. This makes it particularly well-
suited for real-time  intraoperative application, as rapid analysis is essential for  
intraoperative signal interpretation. 

The biological basis of the selected spectral features lies in the underlying neuronal 
dynamics: ripples are thought to arise from tightly synchronized interneuron-
pyramidal circuits, whereas fast ripples reÀect asynchronous microcircuit 
discharges due to local disinhibition.101,114 Rapid alternations between these 
oscillatory modes produces Àuctuations in the power spectrum which are captured 
by spectral entropy. Our results extend insights in these dynamics by showing that 
high variability in spectral entropy not only could support delineation of epileptic 
tissue for resection, but also associates with poor surgical outcomes when present 
in non-resected tissue. 

The inclusion of post-resection recordings enabled us to assess residual 
epileptogenic electrophysiological activity after complete resection. The clinical 
relevance of post-resections spikes remains a subject of ongoing debate, with 
some studies questioning their predictive value for long-term outcome.67,115 

However, our ¿ndings suggest that post-resection recordings do contain prognostic 
information, although not necessarily in the form of traditional biomarkers such 
as spikes. Instead, we demonstrated that high spatial variability of SEV in the 
fast ripple band was associated with poor surgical outcome when present in 
unresected cortex. This is in line with prior work showing that residual ripples 
and fast ripples are associated with seizure recurrence.33,89 Visual interpretation of 
ioECoG, including assessment of interictal spikes and high-frequency oscillations, 
remains the clinical gold standard for surgical guidance. The present study did 
not aim to replicate visual ioECoG assessment, but to evaluate spectral entropy 
variability as an automated, objective, and real-time computable marker derived 
from short intraoperative recordings. Future studies should directly relate SEV to 
visually and/or automatically quanti¿ed spike and HFO metrics to determine its 
complementary value in intraoperative decision-making.

Most studies focusing on post-surgical outcome dichotomize patients into favorable 
(Engel IA-B or Engel I) versus unfavorable (Engel higher than IC or Engel II-
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IV) groups, which may overlook important clinical relevant diϑerences within 
these categories. By using the Engel scores as a scale, we observed a monotonic 
relationship between variability in spectral entropy and seizure outcome: patients 
with Engel score IV have the highest value of spatial variability of SEV in non-
resected tissue, whereas patients with Engel II or III showed intermediate values. 
Re¿ning analysis for these seizure outcome subgroups in this way emphasizes 
spectral entropy’s relative predictive potential and suggests that it may capture 
the extent to which residual networks remain capable of generating seizures. This 
approach may have pre- and postoperative counseling value, by oϑering more 
nuanced expectations beyond a simple favorable or unfavorable dichotomy. For 
example, rare but non-disabling seizures (Engel score II) may have considerably 
less impact on quality of life than a lack of improvement in seizure frequency (Engel 
score IV), underscoring the importance of individualized outcome prediction. 

Besides the high frequency bands, we identi¿ed associations between SEV 
in slower frequency bands in non-resected tissue and poorer outcome. These 
instabilities in the slower frequencies may reÀect persistent large-scale network 
dysfunction in non-resected tissue. Given that the standard deviation is used to 
quantify the variability, it is unlikely that one single abnormal channel (i.e., one 
outlier) causes this high variability. It rather suggests distributed irregularities 
across multiple channels. This supports the idea that poor outcome may be linked 
to broader, unresolved network pathology beyond the margins of the resection. 
Previous work has implicated beta and gamma connectivity and full-spectrum 
synchrony in epileptic networks.116-118 Our ¿ndings add that delta band spectral 
complexity also carries prognostic information and might indicate pathological 
circuit rewiring after resection.

Our choice of 2 seconds epoch length balanced the need for suϒcient temporal 
resolution in 50-60 seconds data and the minimal epoch length for adequate 
sampling for low frequency analysis. Travnicek and colleagues explicitly tested 
relative entropy values in epoch lengths ranging from 0.5s to 10s and found no 
signi¿cant diϑerences in relative entropy values between epoch lengths.113 Similarly, 
Richman and Moorman demonstrated that spectral entropy values stabilize for 
time series longer than 100 data points.119 Thus with our high sample frequency of 
1024Hz or higher corresponding to epochs of at least 2048 data points, variability 
in our spectral entropy data due to undersampling is not expected. It is important 
to note that SEV in the present study reÀects short-timescale Àuctuations, as 
ioECoG cannot capture slower physiological rhythms that evolve over hours or 
days, such as sleep–wake transitions or circadian excitability cycles. The SEV 
method here is used as a marker of rapid cortical variability relevant within the 
surgical timescale.

Several clinical and surgical variables are known to inÀuence seizure outcome 
after epilepsy surgery, including resected lobe, extent of resection, and MRI-
visible lesions. Seizure freedom rates diϑer across lobes, with temporal resections 
generally yielding better outcomes than extratemporal resections, and more 
complete resection of epileptogenic tissue is consistently associated with 
improved outcome, particularly in FCD.64,120-122 In the present cohort, anatomical 
lesion location was heterogeneous but did not diϑer across Engel outcome 
groups (χ2-test, p=0.53). Potential confounding eϑects of age at surgery, age 
at epilepsy onset, and epilepsy duration were explicitly evaluated and showed no 
association with spectral entropy measures. All included patients had MRI-visible 
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structural abnormalities and histopathological con¿rmed FCD, limiting variability 
in lesions. Quantitative measures of resection extent were not available in this 
cohort and could therefore not be included. A major strength of this study is 
the relatively homogeneous patient population consisting exclusively of patients 
with FCD pathology. This minimizes confounding by etiology and enhances the 
interpretability of the ¿ndings within this speci¿c pathology. All histopathological 
classi¿cations in this cohort (<2023) were made using the 2011 ILAE scheme. 
Applying the newer 2022 classi¿cation123 would require reassigning some cases 
to newer subtypes but would not aϑect the primary classi¿cation. Since we did 
not use FCD subtypes in our analyses, we expect no impact of this updated 
scheme on the conclusions of the present study. Furthermore, we applied multiple 
comparison correction to control for false positives across frequency bands, which 
resulted in the loss of statistical signi¿cance for several ¿ndings. This approach 
safeguards analytical rigor and ensures that our conclusions are based on 
eϑects that withstand correction for the number of tests performed.  Although 
the frequency bands we analyzed have limited spectral overlap, we deliberately 
applied correction to maintain the methodological integrity of the study and to 
ensure that our main ¿ndings are robust. 

A limitation is the limited number of patients with poor surgical outcomes (Engel 
III and IV, n=5), reducing the robustness of the subgroup analyses. Another 
potential source of bias lies in signal quality. It is conceivable that recordings were 
noisier in the more complex patients in whom poor outcome was achieved, due 
to longer procedures or more electrode repositioning. This can have introduced 
additional artifacts that may have aϑected the spectral characteristics of the signal 
and, in turn, spectral entropy. Since spectral entropy is derived from the power 
distribution across frequencies, deviations in the overall shape or stability of the 
power spectrum could be mistakenly interpreted as physiological variability. To 
mitigate this, we systematically selected artifact-free segments based on visual 
inspection and excluded recordings with insuϒcient noise-free data. This ensured 
that variability in spectral entropy reÀected underlying neuronal dynamics rather 
than technical diϑerences. A third limitation is that post-resection ioECoG signals, 
and therefore the calculated SEV, may be inÀuenced by acute surgical eϑects such 
as cortical injury, edema, or transient ischemia. Studies have shown that post-
resection injury-spikes and focal suppression-burst patterns can arise from local 
tissue disturbance rather than intrinsic epileptogenicity.124-126 We minimized these 
eϑects by inclusion of all post-resection channels, including electrodes remote 
from the resection margin, which are eϑected the least by acute surgical eϑects. 

Conclusion and future perspectives
We demonstrated that spectral entropy is a promising  intraoperative biomarker 
for both delineation of epileptic tissue during surgery and post-operative outcome 
prediction and thus counseling for people with epilepsy and underlying FCD 
pathology. Spectral entropy is easy to calculate and may  improve the precision 
of the resection, enhancing the clinical outcomes in this patient group. In our 
implementation, entropy across all bands can be calculated in less than a minute 
for one minute of ‘artifact-free’ data. The calculation time for clinical use depends 
on the possibilities of the EEG acquisition system: 1.5-3 minutes for a system 
with plug-in for advanced processing and 3.5-10 minutes if the data needs to 
be exported from the system. (Supplementary Materials, Figure S1) To our 
knowledge, this is the ¿rst study to stratify post-surgical outcome as a scale and 
to demonstrate an association between an advanced signal analysis biomarker, in 
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this case spectral entropy, and scaled seizure outcomes. Future research should 
focus on the validation of these types of advanced signal analysis techniques in 
clinical practice by developing real-time computation algorithms integrated in the 
clinical EEG systems, and exploring entropy dynamics across patients with other 
underlying pathologies.
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Chapter 4
Explainable artificial intelligence unveils 
(non-)epileptiform spectral powers in 
intraoperative electrocorticography
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Abstract
Objective
Clinical visual intraoperative electrocorticography (ioECoG) reading intends to 
localize epileptic tissue and improve epilepsy surgery outcome. We aimed to 
understand whether machine learning (ML) could complement ioECoG reading, 
how subgroups aϑected performance, and which ioECoG features were most 
important. 

Methods
We included 91 ioECoG-guided epilepsy surgery patients with Engel IA outcome. 
We allocated 71 training and 20 test set patients. We trained an extra trees 
classi¿er (ETC) with 14 spectral features to classify ioECoG channels as covering 
resected or non-resected tissue. We compared the ETC’s performance with clinical 
ioECoG reading and assessed whether patient subgroups aϑected performance. 
Explainable arti¿cial intelligence (xAI) unveiled the most important ioECoG 
features learnt by the ETC.

Results
The ETC outperformed clinical reading in ¿ve test set patients, was inferior in six, 
and both were inconclusive in nine. The ETC performed best in the tumor subgroup 
(area under ROC curve: 0.84 [95%-CI: 0.79-0.89]). xAI revealed predictors of 
resected (relative theta, alpha, and fast ripple power) and non-resected tissue 
(relative beta and gamma power).

Conclusions
Combinations of subtle spectral ioECoG changes, imperceptible by the human eye, 
can aid healthy and pathological tissue discrimination.

Signi¿cance
ML with spectral ioECoG features can support, rather than replace, clinical ioECoG 
reading, particularly in tumors.



53

Explainable arti¿cial intelligence

4

Introduction 
Tailored epilepsy surgery uses pathological activity in the intraoperative 
electrocorticogram (ioECoG), including spikes, sharp waves and ictiform spike 
patterns, to localize epileptic brain tissue.62,63 The value of tailoring based on 
these epileptiform ioECoG markers is debated, since it has been associated with 
increased post-operative seizure freedom by some38,64-66, but not by others67-69. 
Additionally, not all people with epilepsy show epileptiform interictal markers in 
the ioECoG14, possibly due to the stochastic occurrence of these events. Distilling 
more subtle aberrant patterns in the ioECoG background activity is diϒcult for 
human observers, due to the vast variety of normal ioECoG activity. Recent 
advancements towards high-density ioECoG recordings13 and high frequency 
activity (>80Hz)12 present further challenges for human review. Previous studies 
showed that complex ioECoG signal analyses can aid epileptic tissue detection, but 
in speci¿c subgroups.15,70 There is a need to identify novel accurate epileptiform 
ioECoG background patterns to aid epileptic tissue localizing and therewith 
improve epilepsy surgery outcomes.

Arti¿cial intelligence is increasingly introduced in clinical practice and computer-
aided pattern recognition algorithms, i.e., machine learning (ML) models, have 
been developed to evaluate EEG signals e.g., automatic detection of interictal 
epileptiform discharges.20 To date, ML approaches have not been applied to 
ioECoG data for epileptic tissue localization, since well-documented ioECoG 
data is scarce and many data are required for ML models to learn generalizable 
patterns. From a ML perspective, ioECoG-based epileptic tissue localization is 
a binary classi¿cation task between channels covering epileptic versus healthy 
tissue. Recently, it was shown that power diϑerences in canonical EEG frequency 
bands (delta: 1-4Hz, theta: 4-8Hz, alpha: 8-13Hz, beta: 13-30Hz, and gamma: 
30-80Hz) and high frequencies (80-500Hz) diϑer between epileptiform and non-
epileptiform intracranial EEG signals.14,71 We hypothesized that a ML model can 
predict epileptic tissue even from basic canonical and high frequency ioECoG band 
powers.

A drawback of most ML approaches is a lack of transparency. Explainable 
arti¿cial intelligence (xAI) can mitigate this ML’s black-box nature by providing 
an interpretable explanation along with a ML model’s decision-making process.24 
Recently, xAI revealed a ML model detecting seizures in EEG, mainly used the  
30-60Hz frequency range for detection.25 Unravelling the patterns learned by a ML 
model that classi¿es ioECoG signals as epileptiform or not may illuminate novel 
epileptiform background patterns.

We aimed to optimize insights on how ML could aid ioECoG guidance in epilepsy 
surgery. As starting point, we used basic spectral band powers and trained and 
tested a ML model on a unique and heterogeneous ioECoG data set of 91 post-
operative seizure-free patients to classify ioECoG signals as covering epileptiform 
or non-epileptiform tissue. We evaluated the added clinical value of the ML model 
by comparing its performance to clinical ioECoG reading. We assessed whether 
patient subgroups aϑected the ML model performance. Subsequently, we used xAI 
to explore the patterns learned by the ML model.
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Methods
Cohort
We retrospectively included people who underwent ioECoG guided lesionectomy 
from the Registry for Epilepsy Surgery Patients (RESPect database42) of the 
University Medical Center Utrecht (UMCU) and Stichting Epilepsie Instellingen 
Nederland (SEIN). This database consists of adults and children who underwent 
epilepsy surgery from 2008 onward in the UMCU, Utrecht, the Netherlands.

Inclusion criteria were: (1) ioECoG recorded at 2048Hz, (2) photographs of 
ioECoG electrode positions and resected area were available, (3) at least 1-year 
post-surgical seizure outcome was available, and (4) seizure free (ILAE 1 or Engel 
IA) at latest follow-up, allowing us to assume that the non-resected tissue was 
devoid of epileptic tissue. We excluded patients who had multiple epileptic foci, 
dual pathology, or a surgery involving an amygdala-hippocampectomy, frontal 
disconnection, or hemispherectomy to minimize the presence of healthy tissue 
within the resected area. Patients with a prior brain surgery were also excluded.

From the RESPect database, we collected patients’ demographic and clinical 
characteristics including age, sex, duration of epilepsy, presence of MRI lesions 
(MRI+ vs. MRI-), anatomical ioECoG location, histopathology results, and seizure 
outcome after surgery at latest follow-up (≥1 year after surgery). We divided the 
histopathology results into four categories: malformations of cortical development 
(MCD, e.g. focal cortical dysplasia, tuberous sclerosis), tumors (e.g. glioma, 
ependymoma), other (e.g. cavernomas, gliosis), and no abnormalities.

The institutional medical ethical committee waived the need for informed consent 
for all retrospectively collected data before 2018, provided that data were 
handled (pseudo)anonymously. From 2018, all patients - and/or parents or legal 
representatives of patients younger than 17 years - signed informed consent for 
data use. 

Procedures and data acquisition
All patients received standard presurgical work-up, which includes at least MRI, 
video-EEG and neuropsychological testing. Additional investigations as high-
resolution EEG, magnetoencephalogram, EEG-functional MRI, 7T MRI, PET, or ictal 
SPECT were performed if deemed necessary. Generally, the surgical resection 
plan and initial placement of the ioECoG electrodes were based on the presence 
of MRI lesions, ictal and interictal epileptiform activity in the video-EEG, and the 
concordance with the results of other non-invasive investigations.

The ioECoG was recorded relative to a mastoid reference electrode using a 32 
or 64-channel EEG system (MicroMed LTM Express, SD64 or SD PLUS Flexi, 
MicroMed, Veneto, Italy) with 2048Hz sampling rate and 538Hz antialiasing 
¿lter. We used 4×5, 4×4, 2×8, 1×8, and/or 1×6 electrode grids or strips with 
4.2mm2 platinum contact surface electrodes embedded in silicone and 1cm 
interelectrode distance (AD-Tech, Racine, WI). Propofol anesthesia was stopped 
during the recording to avoid burst suppression. The ioECoG was recorded at 
diϑerent locations to cover all putative epileptic brain tissue (Figure 1A). Photos 
and sketches were made during surgery to identify ioECoG electrode positions. 
In all patients, routine ioECoG tailored surgery was performed with conventional 
ioECoG display settings (common reference montage; 70Hz low-pass ¿lter;  
10-15s/page). The ioECoG tailoring was based on the presence of interictal spikes 
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and ictiform spike patterns before and after resection, to determine the extent of 
the resection. In ten patients, tailoring was based on HFOs as they participated in 
the HFO-trial.14 The surgical team always weighted the ioECoG information against 
other pre-surgical diagnostic information, like MRI, video-EEG, semiology, and 
neuropsychological testing.

Data preparation
We used the pre-resection ioECoG in common average montage and assumed 
that channels covering later-on resected tissue showed epileptiform signal 
characteristics, whereas channels covering later-on non-resected tissue did not. 
This assumption was based on (1) previous work showing that epileptic tissue 
has diϑerent ioECoG characteristics and (2) the postoperative seizure free 
outcome of all included patients, indicating that the resected tissue contained 
all epileptic tissue. We assigned ioECoG channels to the epileptiform (chan

epi
) 

or non-epileptiform (chan
non-epi

) class based on digitally aligned photos of the 
pre-resection ioECoG and the resected area (Figure 1B). We excluded channels 
situated near the resection margin (<0.5 cm) but outside the resected area to 
prevent the ML model from training with erroneous labels caused by small photo 
alignment errors. We visually assessed the channels for the presence of seizures 
and artifacts, and divided seizure and artifact free segments into non-overlapping 
epochs of 20 seconds. We ¿ltered the 20-second epochs with an in¿nite impulse 
response notch ¿lter to remove the 50Hz powerline artifact and a third-order 
0.16Hz high-pass Butterworth ¿lter to remove the drift artifact. We computed the 
power spectral density per epoch using Welch’s method with a 2 second Hamming 
window and 80% window overlap. We extracted the absolute and relative (i.e. 
absolute power divided by full band [0.5-500Hz] power) spectral band power 
in seven frequency bands: delta (0.5-4Hz), theta (4-8Hz), alpha (8-13Hz), beta  
(13-30Hz), gamma (30-80Hz), ripple (80-250Hz) and fast ripple (250-500Hz). 
This yielded 14 spectral features (Figure 1C). We separated the patients into two 
sets: 80% of patients for training and 20% for testing, strati¿ed for histopathology. 
All ioECoG channels of one patient were either in the training or test set.

Machine learning model and performance
We trained an Extra Tree Classi¿er (ETC) to classify ioECoG channels as chan

epi
 or 

chan
non-epi

 based on their spectral features. Similar to other tree-based algorithms 
like random forests, an ETC builds multiple decision trees and averages their 
predictions as ¿nal output. The ETC introduces variability by randomly selecting 
features and thresholds to split, which improves diversity among decision trees 
and often leads to better generalization performances. We used the ETC with 
100 decision trees and 45% randomly selected features evaluated per split. We 
assessed the ETC’s generalizability performance in ¿ve-fold cross-validation. This 
validation divides patients in the training set into ¿ve subsets, then trains ¿ve 
times an ETC on ioECoG data from four subsets, and evaluates the performance 
of the trained ETC on the ¿fth subset, i.e. the validation subset (Figure 1D). We 
normalized all features in the training and validation subsets to zero mean and 
unit variance based on the training subsets. Once trained, the ETC assigns class 
(chan

epi
 and chan

non-epi
) probabilities to every 20-second epoch, ranging from 0 

to 1. To address variations in the total number of 20-second epochs per patient, 
we computed the mean probability assigned to a channel for model performance 
evaluation (Figure 1C). We aimed at a high speci¿city to minimize the risk 
that the ETC would recommend resecting healthy tissue. Hence, we chose an 
arbitrary probability classi¿cation threshold based on a 95% speci¿city in the 
training subsets to calculate the following performance metrics for classi¿cation 
of ioECoG channels as chan

epi
 or chan

non-epi
: accuracy, sensitivity, speci¿city, 
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positive predictive value, negative predictive value, and area under the curve 
(AUC) of the receiver operating characteristic. The ETC that obtained the highest 
speci¿city in ¿ve-fold cross-validation was evaluated on the test set (Figure 1D). 
Similar as described above, we used the mean probability per channel for test set 
performance evaluation.

Patient-wise tailoring
To investigate whether subgroups of patients inÀuenced the ETC performance, 
we assessed for every patient the probabilities given to all chan

epi
 and chan

non-epi
 

channels in relation to the patient’s age, histopathology category and ioECoG 
location. Additionally, we evaluated the ETC’s performance when trained and 
tested on data from one histopathology or ioECoG location category (only when 
n≥20 patients) and compared this to the performance when the ETC was trained 
on the entire training set but tested on that speci¿c subgroup.

Clinical ioECoG reading
We used the clinical ioECoG reports to identify which pre-resection channels 
exhibited epileptiform activity (spikes, ictiform spike patterns, periodic lateralized 
epileptiform discharges [PLEDs], or ictiform spike patterns plus HFOs in the patients 
who participated in the HFO study14, as reviewed by experienced epileptologists. 
We computed the sensitivity, speci¿city, positive predictive value, and negative 
predictive value for classifying a channel as chan

epi
 when the clinical ioECoG report 

noted epileptiform activity. We evaluated the 2x2 contingency table of the ETC’s 
and clinical ioECoG reading predictions to compare performance on group level. 
We evaluated the ETC’s added clinical value for decision making at the individual 
patient level by comparing its performance to clinical ioECoG reading on patient 
level. Per patient, we constructed schematic overviews illustrating the diϑerent 
pre-resection ioECoG recording locations, akin Figure 1B, with the channels’ 
electrographic information from the clinical ioECoG report and mean probability 
given by the ETC. Four (technical) physicians (SH, ES, MvtK and MZ) visually 
assessed the schematic overviews to determine superiority between the clinical 
ioECoG reading and ETC in representing the resected area.

At last, we created for each channel a dichotomous variable indicating the presence 
or absence of epileptiform activity and evaluated how the ETC performed when 
this variable was added as an extra feature to the ETC.

Explainable arti¿cial intelligence
We used Shapley Additive exPlanations (SHAP) to explain the ETC’s classi¿cations 
in the test set, as SHAP has a stronger concordance with human explanations 
compared to alternative xAI methods.72 SHAP calculates a SHAP value for each 
feature per 20-second epoch, representing the feature’s average incremental 
contribution to the ETC’s output across all possible feature combinations. Positive 
SHAP values suggest that the feature value was bene¿cial for the classi¿cation 
as chan

epi
, whereas a negative SHAP value indicates that the feature value was 

bene¿cial for the classi¿cation as chan
non-epi

. The SHAP value’s magnitude reÀects 
the degree of contribution. For example, a SHAP value of +0.05 reÀects that 
the feature value increased the chan

epi
 probability with 5%.  For all features, we 

plotted and visually assessed the feature values and their corresponding SHAP 
value.
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Figure 1: Schematic overview of ioECoG tailored epilepsy surgery, the labeling method, feature extraction 
and machine learning approach. (A) The diϑerent pre-resection ioECoG recordings are acquired by 
relocating the ioECoG grid every few minutes (i.e. recording locations) to cover all putative epileptic 
tissue. After resection, a post-resection ioECoG is acquired, which can be repeated until no epileptiform 
abnormalities persist. Here, only the pre-resection ioECoG is used (pre-resection recording I and II in 
this example). (B) Labeling approach of pre-resection ioECoG channels in common average montage 
as chan

epi
 or chan

non-epi
 based on the performed resection. Channels covering the resection margin 

are labeled as chan
epi

. Channels covering non-resected tissue within 0.5 cm of the resection margin 
are excluded to avoid erroneous labels caused by small photo alignment errors. Channels containing 
artifacts are excluded. (C) For every pre-resection recording location and for each 20 second epoch of 
a single channel, spectral band powers are computed from the power spectrum density. To account for 
diϑerences in recording length among recording locations, the mean probability per channel is used for 
model performance evaluation. (D) Patients are allocated to an 80% training or 20% test set. In ¿ve-fold 
cross-validation, the patients are divided into ¿ve subsets, the ETC is trained ¿ve times on the data of 
four subsets, and validated on the ¿fth subset (i.e., validation subset, white subset in this Figure). The 
ETC that obtains the highest speci¿city on the validation subset is evaluated on the test data (model 2 
in this example). 
Abbreviations: ETC = Extra trees classi¿er, ioECoG = intraoperative electrocorticography.
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Statistical analysis
For the training and test set, we computed summary statistics i.e., absolute and 
relative frequencies for categorical data and the median (interquartile range [IQR]) 
for continuous data. As patients had diϑerent total amounts of 20-second epochs, 
we also computed summary statistics at epoch level. At patient level, categorical 
variables and continuous variables were compared between the training and test 
set using the Chi-square test and Wilcoxon rank sum test.

We computed the mean (standard deviation [SD]) of the ML performance metrics 
in ¿ve-fold cross-validation. For performance evaluation in the test set, we 
calculated 95% con¿dence intervals (CI) with the Clopper-Pearson exact method 
for accuracy, sensitivity and speci¿city, standard logit CI given by Mercaldo et al.73 
for the negative and positive predictive value, and DeLong’s method74 for the AUC. 
Per patient, we compared the average probability between chan

epi
 and chan

non-epi
 

channels with a one-tailed independent t-test, or a one-tailed one-sample t-test 
when a patient had only one chan

epi
 channel. The AUC of diϑerent models (ETC 

trained with and without clinical ioECoG report information, and ETC trained on 
patient subgroups) were compared with DeLong’s method.74 For performance 
comparison between the ETC and clinical ioECoG reading, we evaluated the 2x2 
contingency table with the McNemar test.75 

For all analyses, we considered a p-value ≤ 0.05 signi¿cant. We did not correct 
for multiple comparisons. All ML, xAI and statistical analyses were performed in 
Python 3.9.

Data and code availability statement
The aggregated dataset of the ioECoG spectral band power data and the 
source code are publicly available on DataverseNL (dataverse.nl/privateurl.
xhtml?token=4bb2a72a-e7cb-48d0-9006-8c8ca9d354c1) and GitHub (github.
com/UMCU-EpiLAB/umcuEpi_explainable_AI). The raw ioECoG data are available 
upon reasonable request via the corresponding author.
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Results
Cohort
We included 91 patients (median age 14 years; 40 females; Table 1). All 
showed MRI abnormalities. Pathology revealed MCD in 35, tumor tissue in 34, 
other pathology in 18, and no abnormalities in 4. There were 47 patients with a 
resection in the frontal lobe, 31 in the temporal lobe, 10 in the parietal lobe and 3 
in the occipital lobe. The median (IQR) seizure outcome follow-up period was 24 
(12-41) months. There were no group diϑerences between the training (n=71; 
median age 14 years; 31 female) and test set (n=20; median age 13.5 years; 9 
female) except for the number of patients with a parietal resection (6% vs. 30%, 
p=0.008, χ2- test).

Data acquisition and preparation
The training set comprised 201 diϑerent pre-resection ioECoG recording locations 
with a median (IQR) of 3 (2-4) recording locations per patient. Per recording 
location, we recorded for a median (IQR) of 199.5 (139-309) seconds with a 
median (IQR) of 20 (20-26) channels. We excluded a median (IQR) of 1 (0-
3) channel per recording location as they were within 0.5 cm of the resection 
margin but outside the resected area, and 0 (0-1) channels due to artifacts. We 
labeled a median (IQR) of 6 (2-10) channels as chan

epi
 per recording location. This 

yielded 44231 epochs of 20-seconds in the training set. The test set comprised 
59 diϑerent pre-resection ioECoG recording locations with a median (IQR) of 2.5 
(2-4) per patient. Per recording location, we recorded for a median (IQR) of 187 
(126-287) seconds with a median (IQR) of 20 (20-20) channels. We excluded 
a median (IQR) of 1 (0-2) channels per recording location due to artifacts and 
labeled a median (IQR) of 4 (2-8) channels per recording location as chan

epi
. This 

yielded 12604 epochs of 20-seconds in the test set. No seizures were recorded in 
the training and test set.

Machine learning model performance
The ETC obtained on the test set a 74.1% (95%-CI: 71.4-76.7%) accuracy, 19.0% 
(95%-CI: 14.5-24.2%) sensitivity, 92.4% (95%-CI: 90.4-94.2%) speci¿city, 
45.5% (95%-CI: 37.2-54.1%) positive predictive value, 77.4% (95%-CI:  
76.4-78.5%) negative predictive value, and AUC of 0.68 (95%-CI: 0.64-0.71) 
(Table 2; Figure 2A). During ¿ve-fold cross-validation, the average performance 
metrics seemed slightly higher on the training set than on the validation set (Table 
2; mean AUC [±SD] 0.74 [±0.01] versus 0.63[±0.06]). Clinical ioECoG reading 
slightly outperforms the ETC (p=0.03, McNemar), as was also suggested by the 
performance evaluation metrics, except for speci¿city (Table 2).
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Patient-wise tailoring
In 37 patients in the training subset, the ETC assigned signi¿cantly higher 
probabilities to chan

epi 
than to chan

non-epi
  (patients with p<0.05, independent t-test, 

Figure 3). In both the training and test set, the ETC seemed to perform better 
in patients with a tumor and temporal lesions compared to patients with other 
pathology types or lesion locations (Figure 3). This could not be observed for age 
subgroups and resulted in a good model performance when tested in tumors (AUC 
0.81) and temporal lesions (AUC 0.81) subgroups. Subgroup training increased 
the test set performance in tumors (AUC [95%-CI] 0.84 [0.79-0.89] vs. 0.81 
[0.76-0.86], p=0.04, deLong), decreased test set performance in temporal (AUC 
[95%-CI] 0.70 [0.63-0.77] vs. 0.81 [0.77-0.86], p<0.001, deLong) and frontal 
lesions (AUC [95%-CI] 0.48 [0.41-0.55] vs. 0.66 [0.60-0.73], p=0.01, deLong), 
and did not signi¿cantly aϑect test set performance in MCD (AUC [95%-CI] 0.60 
[0.55-0.66] vs. 0.66 [0.60-0.71], p=0.09, deLong) (Figure 2B).

Figure 2: Receiver operating characteristic of ETC performance. (A) The ETC seems to perform slightly 
better in the training set compared to the test set (AUC

train 
[95%-CI] 0.74 [0.72-0.76] vs. AUC

test
 0.68 

[0.64-0.71]). (B) When trained and tested on subgroup of patients, the ETC obtains an AUC of 0.60 
(95%-CI 0.55-0.66) in patients with MCD, 0.84 (95%-CI 0.79-0.89) in patients with tumors, 0.48  
(0.41-0.55) in patients with frontal lesions, and 0.70 (95%-CI 0.63-0.77) in patients with temporal 
lesions. (C,D) When information from clinical ioECoG reading is added to the model, the ETC shows 
improved test set results in all patients (AUC [95%-CI]

 
0.72 [0.68-0.75] vs. 0.68 [0.63-0.72], p=0.01, 

deLong). 
Abbreviations: ETC = Extra trees classi¿er, ioECoG = intraoperative electrocorticography, AUC = area 
under the curve, MCD = Malformation of cortical development
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Figure 3: ETC performance in individual patients.  The boxplots reÀect the probability given to the chan
epi

 
and chan

non-epi
 channels per patient. Patients are ranked from left to right based on their p value. The ETC 

shows superior performances during training and testing in patients with tumors and temporal ioECoG 
compared to other pathology types and ioECoG recording locations. No such eϑects are observed for age 
subgroups. 
Abbreviations: MCD = Malformation of cortical development, ETC = Extra trees classi¿er.

Clinical ioECoG reading
In the test set, the schematic overviews illustrating the diϑerent ioECoG recording 
locations showed high ETC probabilities of chan

epi
 centered around the resected 

area in ¿ve patients (three temporal tumors), and no clusters of high probabilities 
in 15 patients (Figure 4). The ETC probabilities represented the resected area 
better than clinical ioECoG reading in these ¿ve patients, whereas clinical ioECoG 
reading represented the resected area better in six patients (four MCD). Both the 
ETC probabilities and clinical ioECoG reading failed to identify the resected area 
in nine patients. When epileptiform activity information from the clinical ioECoG 
report was added as feature, the ETC represented the resected area well in eight 
patients. This superior performance was also reÀected in diϑerent proportions 
of errors in the test set compared to clinical reading (p=0.003, McNemar) and 
in higher performance metrics, except for the sensitivity and negative predictive 
value (Table 2). Adding information from the clinical ioECoG reading increased 
performance when trained and tested on the whole group (Figure 2; AUC

spectral 

features+ioECoG report [95%-CI] 0.72 [0.68-0.75] vs AUC
spectral features

 0.68 [0.63-0.72]; 
p=0.01 deLong).
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Figure 4: Examples of ETC performance in individual patients.  
(A) Example of a patient  (9 years) with a temporal tumor dysembryoplastic 
neuroepithelial tumor) and three pre-resection ioECoG locations. 
For identi¿cation of the resected tissue, the clinical ioECoG reading 
represents resected tissue poorly and the ETC represents this tissue 
well, as channels covering later-on resected tissue are assigned high 
probabilities and channels outside the resected area low probabilities of 
chanepi by the ETC. When information from the clinical ioECoG report is 
added as a feature to the ETC, it assigns high probabilities to the area showing spikes outside the resected 
area. (B) Example of a second patient (5 years) with an occipital MCD (focal cortical dysplasia type IIB) 
and six pre-resection recording ioECoG locations. For identi¿cation of the resected tissue, clinical ioECoG 
reading represents the resected tissue decent and the ETC represents the resected tissue poorly, since 
channels inside and outside the later-on resected area are both assigned low probabilities of chanepi by 
the ETC. Adding information from clinical ioECoG reading improves ETC representation as some channels 
within the later-on resected area show high probabilities of chanepi. 
Abbreviations: MCD = Malformation of cortical development, ETC = Extra trees classi¿er,  
ioECoG = intraoperative electrocorticography.
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Explainable arti¿cial intelligence
The xAI analyses with SHAP showed positive SHAP values for high values of 
relative theta, alpha and fast ripple power (Figure 5). This indicates that the 
ETC tends to classify channels as chan

epi
 when they show high values for these 

features. We observed negative SHAP values for high values of relative beta or 
gamma power, indicating that the ETC tends to classify a channel as chan

non-epi
 

when high relative beta or relative gamma power is present.

Figure 5: xAI analyses of the test set with SHAP. Overview of SHAP values and the corresponding feature 
values where two clear patterns are observed. SHAP values are positive for relatively high feature values 
of the relative theta (4-8Hz), alpha (8-13Hz), fast ripple (250-500Hz) power. Similarly, SHAP values are 
negative for relatively high feature values of relative beta (13-30Hz) or gamma (30-80Hz) power.
Abbreviation: SHAP = Shapley Additive exPlanations.
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Discussion
We examined the potential of ML for ioECoG based epileptic tissue identi¿cation 
beyond clinical reading in a ML combined with xAI approach. The ML model 
ETC classi¿ed pre-resection ioECoG channels with 19.0% sensitivity, 92.4% 
speci¿city, and an AUC of 0.68 using basic spectral features derived from ioECoG 
background activity. The ETC was superior to clinical ioECoG reading in ¿ve out of 
20 test patients and was outperformed by clinical ioECoG reading in six patients. 
Combining the ETC with clinical ioECoG reading yielded superior performances 
compared to using either one alone. The ETC performances varied per patient, 
with the best performances observed in patients with tumors. With xAI, using 
SHAP, we revealed relative theta, alpha, and fast ripple power as important 
for the characterization of epileptic tissue by the ETC and the relative beta and 
gamma power as important for characterizing non-epileptic tissue (the relative 
beta and gamma power). Our ¿ndings, based on basic spectral features, suggest 
an untapped richness of ioECoG in epilepsy surgery. The ML and xAI analysis 
presented here forms a touchstone for future ML approaches for ioECoG based 
epileptic tissue localization. 

Previous ML studies with prede¿ned intracranial EEG features for epileptic tissue 
identi¿cation showed comparable or slightly better results.60,76-80 A fair comparison 
is diϒcult as all prior studies used long-term intracranial EEG and diϑerent 
labeling approaches (seizure onset zone vs. resected area) and/or recording 
types (ictal vs. interictal, depth electrodes vs. electrocorticography). For example, 
Varatharajah et al.80 showed slightly better results (AUC 0.73 vs. 0.68 here) but 
focused on seizure onset zone identi¿cation using 90-minute interictal recordings. 
Other researchers successfully used ML to automatically detect existing stochastic 
epileptiform ioECoG biomarkers e.g., interictal epileptiform discharges81 and 
HFOs21. This will speed up visual ioECoG reading but will not necessarily increase 
the predictive value of the ioECoG. Two prior studies used ML techniques as 
deep learning to extract intricate features automatically - a promising approach 
as explicitly designing epileptiform ioECoG features is challenging.82,83 Their 
generalizability remains however uncertain, as they used a selected and small 
sample size of ¿ve patients with temporal lobe epilepsy. Previous studies often 
used leave one (patient) out cross-validation or cross-validation with data from 
the same patients to evaluate a ML model’s generalizability, probably due to 
limited patient numbers.21,60,76-80,82,83 These approaches have shortcomings: leave-
one-out risks high performance variance while cross-validation with data from 
the same patients will aϑect the reliability of the generalization assessment.26 
We kept a separate test set and included a heterogenous study population (i.e., 
diϑerent ages, anatomical locations, and etiologies) to obtain a fair and robust 
generalizability assessment. We presented results for individual patients and 
showed that the ML performances varied among patients. This underlines that 
ML performances cannot directly be generalized to other patients with epilepsy. 
Recognizing the inherent complexity of ioECoG data – recorded from diϑerent 
brain regions of patients with varied demographics and etiologies – is essential for 
advancing ML models applied to it.

Data-driven insights from ML combined with xAI approaches may lead to novel 
biomarkers or re¿nements of biomarkers21, but there is no consensus in literature 
on how xAI methods should be exploited.24 SHAP highlighted ioECoG features 
that contributed to the classi¿cation, but did not explain the underlying reasons, 
as was also encountered in a previous EEG study using SHAP.84 Here, SHAP 
revealed that high relative theta, alpha, and fast ripple power increased the 
probability that a channel had epileptiform characteristics. Aberrant activity in 
the theta and alpha band was observed in people with epilepsy in earlier EEG 
and magnetoencephalography studies.85-87 In a prior ioECoG study, alpha band 
alterations were related to distance of the resected tissue.88 Previous studies 
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focusing on the fast ripple frequency band have mainly studied the fast ripple 
as stochastic event.12,14,27,89 In line with recent work90, our ¿ndings suggest that 
not only the events, but also the power in the background activity within the fast 
ripple frequency band contains predictive value for epileptic tissue identi¿cation.

SHAP showed that the presence of relative high beta and gamma activity was 
important for the classi¿cation of channels with non-epileptiform characteristics. 
This ¿nding aligns with Claus et al.91, who reported increased beta and gamma 
activity following diazepam administration but not in epileptic tissue. The patients 
in our study received propofol anesthetics, which acts through positive modulation 
of the GABA type A receptor, similar to diazepam.92 Hence, high beta and gamma 
power may indicate a normal response to propofol anesthetics, reÀecting non-
epileptic tissue. Our ¿nding also aligns with a previous study in mice where 
alterations in gamma power were hypothesized to reÀect a local inhibitory network 
that suppresses seizures in the surrounding area and thus to be predictive of 
non-epileptic tissue.93 As clinicians and researchers tend to focus on pathological 
(i.e. epileptiform) patterns14,15,21,89, the revelation of ioECoG patterns indicative 
of healthy brain tissue opens opportunities to explore such patterns further. 
These patterns can enhance tailored epilepsy surgery, especially in cases where 
stochastic epileptiform markers are absent.

Strength and limitations
A strength of this work is that we presented results for individual patients from a 
heterogeneous cohort. Training on ioECoG recording location subgroups did not 
improve the ETC performance, meaning that the ETC was able to learn patterns 
generalizable across anatomical locations. On the contrary, adding information 
from the clinical ioECoG report to the ETC improved performances for patients with 
MCD, but not for patients with tumors. These ¿ndings indicate that interpatient 
ioECoG variability, caused by diϑerent underlying pathologies, hampered the ETC in 
learning generalizable patterns across etiologies. While our ETC shows the potential 
of ML for ioECoG based epileptic tissue localization with a high speci¿city (92.4%) 
and decent negative predictive value (77.4%), its performance is not adequate 
yet for clinical implementation. To increase the ETC’s robustness, more data or 
additional synthetically created data is needed, especially for underrepresented 
subgroups, e.g., patients with occipital lesions. Models optimized for a speci¿c 
subgroup or incorporating clinical characteristics into a ML model may improve 
epileptic tissue detection performances and can lead to a personalized ioECoG 
tailored epilepsy surgery. Training the ETC on ioECoG data from multiple centers 
would enhance robustness for ioECoG variability introduced by OR-settings, EEG 
recording systems, and patient populations.

In contrast to previous work, we assessed ML performances in relationship with 
clinical ioECoG reading. The ¿nding that our ETC can complement clinical ioECoG 
reading in some cases holds clinical implications. Using ML with quantitative 
features has bene¿ts such as objectivity, convenience, and rapid assessment - our 
ETC classi¿es a 20s ioECoG within 1 second. In addition, it allows for identi¿cation 
of subtle patterns that might be overlooked by visual ioECoG reading. Our results 
open opportunities for developing a fully automated tool for aiding clinical ioECoG 
based epileptic tissue detection.

A limitation is the labeling method. Labeling tissue as epileptic is diϒcult as there 
is no direct measure for it. Labeling based on the resected area in patients who 
attained post-surgical seizure freedom seemed the only option but could have led 
to survival bias. In addition, the reliability of post-surgical outcomes increases 
over time and depends on anti-seizure medication usage.94 The assumption that 
all channels covering the resected area contained epileptiform abnormalities may 
have yielded false positives given that the resected area may have comprised 
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non-epileptic tissue as well. Although it was shown that AI models can mitigate 
labeling errors95, the ETC may have learned patterns not only speci¿c for epileptic 
tissue but for peri-epileptic tissue as well. Novel ML techniques, speci¿cally multi-
instance learning, may address this labeling issue by considering that not all 
resected tissue may be epileptic.

Our ioECoG input for the ML model was limited. The ioECoG is a non-stationary 
multivariate time series with varying channel numbers and con¿gurations.96,97 This 
makes it diϒcult to de¿ne a standardized ML model input. We opted for single 
ioECoG channels of 20 seconds to create a ML baseline for ioECoG-based epileptic 
tissue localization and to align with a previous ML approach using intracranial 
EEG for epileptic tissue localization.82 Nonetheless, the optimal epoch length 
warrants further investigation. While epilepsy is regarded a network disease, our 
spectral features do not hold information about network dynamics. Incorporating 
information about brain activity propagation or connectivity may improve ML 
performances.60 For example by using network measures as input or a multi-
dimensional ioECoG representation and learning techniques that can automatically 
extract features (e.g., deep learning). Likewise, information from post-resection 
ioECoG and other modalities, like MRI-¿ndings, could be integrated.

We applied ML for direct  intraoperative epileptic tissue localization based on 
the ioECoG. Our analyses showed that the ioECoG holds a richness which is yet 
to be explored. With xAI we established ioECoG patterns important for tissue 
classi¿cation as (non-)epileptic. Our ML performances based on basic signal 
properties form a touchstone for future research and suggests high potential of 
advanced ML applied on the ioECoG in epilepsy surgery. Next steps are to include 
ioECoG network measures and features derived from clinical information in ML 
models. We made our (explainable) AI source code publicly available and endorse 
its application to continue this AI research in the ¿eld of epilepsy surgery.
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Abstract
Objective
In intraoperative electrocorticography (ioECoG), interictal epileptiform discharges 
(IEDs) and high frequency oscillations (HFOs; ripples 80-250Hz, fast ripples (FRs) 
250-500Hz) can be identi¿ed in average or bipolar montage. We studied how 
montage choice aϑects event identi¿cation.

Methods
Two reviewers independently marked IEDs and HFOs across three montages 
(average, horizontal- and vertical bipolar) from 13 patients who were seizure 
free after ioECoG-guided surgery. We analyzed the number of channels with 
events, total events count, events morphology (maximum amplitude, duration, 
frequency), number of instances with overlapping events across multiple channels 
(event instance), concordance of event instances over montages, and percentage 
of channels with events in the resected area.

Results
Bipolar montages yielded more channels with events, higher counts, and greater 
maximum amplitude of IEDs and ripples compared to average montages. Average 
and horizontal bipolar montages yielded more IED instances than vertical bipolar 
montages. Average montages detected the highest percentage of event instances 
occurring only in this montage. Event duration, frequency, and percentage of 
channels with events in the resected area did not diϑer across montages.

Conclusions
All three ioECoG montages are clinically useful to ¿nd epileptic events. The bipolar 
montage detects more events with greater amplitude, while the average montage 
uncovers a wider variety of unique events. Combining montages provides 
complementary information.

Signi¿cance
This study quantitatively revealed how diϑerent montages capture epileptiform 
events.



75

The optimal montage

5

Introduction
Epilepsy surgery oϑers a chance for cure for people with refractory epilepsy.7,127 
Surgical eϑectiveness hinges on precise delineation and complete resection of 
epileptogenic tissue.7 Intraoperative electrocorticography (ioECoG) directly 
measures activity from the cortex and enables repeated recordings, enhancing 
surgical precision by identifying electrophysiological abnormalities.64,128

Conventional interictal epileptiform discharges (IEDs) are well-established 
biomarkers of epilepsy.129 IEDs are de¿ned as transient events characterized by 
a ‘spike’ or sharp waveform lasting 20-70 ms, distinctively standing out from the 
background brain activity.130,131 High frequency oscillations (HFOs), subdivided 
into ripples (80-250 Hz) and fast ripples (FRs; 250-500 Hz), have been proposed 
as a novel biomarker to more precisely localize the source of the epilepsy than 
IEDs.12,27,33,34,89,132 HFOs are de¿ned by their morphology, de¿ned as at least four 
consecutive oscillations with an amplitude clearly above the baseline signal, and 
a duration of less than 200 ms.133-135

Various EEG display montages are used to capture seizures and epileptiform 
events in clinical EEG practice.136,137 The most prevalent montages are: a common 
(external) referential, a standard average, and a bipolar montage.138 Similar to 
surface EEG, a common referential montage is used for both recording and clinical 
review purpose during ioECoG monitoring.139 It involves a reference electrode 
that is often placed on the contralateral mastoid. This hardware setup, with the 
considerable distance between the reference point and the electrodes on the grid, 
is susceptible for noise or artifacts. This issue can be addressed by transforming 
the raw data into standard average or bipolar montage for a clearer display.13,140,141

An average montage generally preserves the broader shape and amplitude 
distribution of IEDs across its coverage, allowing for better visibility of electrical 
activity.138 Yet on the downside, the averaging process can smooth out the sharp 
features of IED waveforms. Further, artifacts in one channel can contaminate all 
other channels when using an uncorrected average montage.138,142 Stereo EEG is 
often reviewed in a bipolar montage and it enables direct channelwise localization 
of epileptic activity.143,144 In line with the pioneering stereo EEG studies58,145, we and 
other centers used bipolar montages for the detection of HFOs on ioECoG.13,57,128 
In an ioECoG grid con¿guration, both horizontal and vertical directions along 
the grid are possible (Figure 1A). The bipolar con¿guration depends on potential 
diϑerences between two adjacent recording electrodes 142 and has the advantage 
of eliminating common noise, but might also mask identical events occurring on 
two neighboring electrodes.139

Marking intraoperative events can be done in any aforementioned montage 
con¿guration, but it is an unanswered question whether diϑerent montages 
capture equivalent or akin IEDs and HFOs. This work compared IEDs and HFOs 
marked in ioECoG recordings using three types of montage con¿gurations: 
average montage (AVG), horizontally oriented bipolar montage (HBIP), and 
vertically oriented bipolar montage (VBIP). Our main research purpose was to 
pinpoint the methodological issues related to diverse ioECoG montages, and how 
these inÀuence the accurate identi¿cation and interpretation of IEDs and HFOs.
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Methods
Study design and patient selection
We retrospectively selected 13 people with refractory focal epilepsy characterized 
by a neocortical lesion who were part of the Registry for Epilepsy Surgery Patients 
(RESPect) database of the University Medical Center Utrecht (UMC Utrecht) and 
Stichting Epilepsie Instellingen Nederland (SEIN). Those 13 people underwent 
ioECoG tailored epilepsy surgery between 2008 and 2018, and achieved seizure 
freedom (Engel IA) at ≥ 1y. We assumed that seizure freedom signi¿ed complete 
resection of the presumed epileptogenic tissue. Our aim was to assess various 
aspects of the aforementioned montages in a diverse population, ensuring 
representation across: 1) all anatomical regions of the brain (i.e. temporal, frontal, 
parietal, and occipital), excluding patients with mesial temporal lobe epilepsy due 
to the inability to visualize grid placement; 2) common underlying histopathologies 
associated with epilepsy (e.g. malformations of cortical development (MCD) and 
central nervous system (CNS) tumors.

The RESPect database was approved by the institutional ethical committee of UMC 
Utrecht, who exempted the requirement for written informed consent till 2018 
due to the research’s retrospective nature, whereas explicit informed consent is 
requested from 2018 onwards (non-WMO; METC18-109C). All collected data were 
coded to maintain (pseudo)anonymity.

Surgical procedure and ioECoG recordings 
Epilepsy surgery was performed under general intravenous propofol anesthesia. 
The neurosurgeon exposed the cortex intended to be removed and a few 
centimeters of the surrounding tissue. We recorded ioECoG with standard 4x5 grid 
electrodes (AD-Tech, Racine, WI), featuring platinum surfaces encased in silicone 
with a contact area of 4.2mm² and an interelectrode distance of 10 mm. The 
ioECoG was recorded using a 32 or 64 channel EEG system (Micromed, Treviso, 
Italy) at 2048Hz sampling rate, with an 538Hz antialiasing ¿lter. Recorded signals 
were referenced to an external electrode positioned on the contralateral mastoid. 
To reduce the potential interference of burst suppression, we temporarily halted 
the administration of propofol before ioECoG monitoring. 107

ioECoG recordings composed three stages: 1) Pre-resection recordings: grids were 
positioned in multiple locations before the planned resection to encompass all 
suspected epileptogenic tissue; 2) Intermediate-resection recordings: if epileptic 
activity persisted after the initial resection, the resection was extended if not 
limited by eloquent cortex or too distant locations; 3) Post-resection recordings: 
following the ¿nalized resection, ioECoG was recorded from cortex around the 
cavity. The ioECoG was recorded in each position for 2-5 minutes, consistent with 
our previous work.14,89,146 

Intraoperative photographs and crafted sketches were used to document the 
ioECoG position  on the cortex. ioECoG electrode placement was guided by 
surgical practicalities and was not standardized across patients. For example, the 
neurosurgeons tend to place electrode grids in a way that maximizes contact with 
regions suspected of epileptogenic activity, while ¿tting within the boundaries of 
the craniotomy, thus not typically oriented parallel or perpendicular to the gyri 
con¿gurations. In temporal lobe epilepsy, the grid was often placed ¿rst directed 
towards the temporal pole and then towards dorsotemporal. In those situations, 
the horizontal con¿guration generally follows the natural pattern of the temporal 
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gyri. ioECoG guided surgical resection of the epileptogenic tissue was based on  
preoperative MRI ¿ndings and IEDs. One patient was enrolled in a RCT “the HFO 
trial”128 and assigned to the HFO guided tailoring arm, meaning that HFOs instead 
of IEDs were used to guide the surgeon.

Montage con¿gurations, artefacts and channel labels
We rereferenced the raw data oϓine to AVG, HBIP, and VBIP montages (Figure 
1A). Channels in each montage that exhibited continuous artefact interference or 
no cortical signal were excluded from further analysis. 

We used custom made software to align pre- and intermediate-resection 
photographs to post-resection photographs, identifying which unipolar grid 
electrodes in pre- and intermediate-resection recordings covered the eventually 
resected area (Figure 1Bii, 1Cii, and 1Dii). We categorized unipolar channels 
into two groups: i) Resected, covering the complete post-resection cavity, which 
encompassed tissue ≤5mm inward from the edge of resection cavity; ii) Non-
resected, covering the tissue >5mm from the edge of the resection cavity. Based 
on these unipolar labels, we derived bipolar labels: i) Resected, if at least of one 
of the two unipolar channels were resected; ii) Non-resected, if both unipolar 
channels were non-resected. In both intermediate- and post-resection recordings, 
we excluded all unipolar channels located above the resection cavity and their 
corresponding bipolar channels.

IED and HFO markings
We selected one-minute epochs at the end of each recording to minimize propofol 
eϑects.44,107 All events were marked in BrainQuick Software (Micromed, Treviso, 
Italy) in three montages (i.e. AVG, HBIP, and VBIP). The reviewers were restricted 
to using only one montage during the marking process. IEDs were marked 
independently, blinded for HFOs. IEDs were marked using the consistent settings 
across three montages: 80Hz lowpass IIR ¿lter, gain 800 µV/cm, 15 s/page. We 
de¿ned IEDs as transient and stereotype waveforms (< 80Hz) distinctly standing 
out from the baseline with an evident epileptiform pattern, including single spikes 
(<80ms), shape waves (>80ms), periodic spikes/ sharp waves, polyspikes, and 
spike/sharp wave and slow wave complexes. IEDs were marked separately by two 
reviewers (ZW, JG) and checked by two experts (MvtK, CF).

HFOs were initially marked in the three montages by an automated HFO detection 
algorithm13,47. Consistent settings across montages were used: ripple: 80-1000Hz 
bandpass FIR ¿lter, gain 50µV/mm, 1s/page; FR: 250-1000Hz bandpass FIR ¿lter, 
gain 10µV/mm, 1s/page). All automated marked events were visually inspected 
separately by two reviewers (ZW, JG) on two 22-inch wide screens. One screen 
displaying ripples and the other showing FRs, both time locked for simultaneous 
viewing. Three HFO experts (MvtK, MZ, NvK) checked the marked HFOs.
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Interrater agreement
The interrater agreement between the two reviewers (ZW, JG) was calculated 
using Cohen’s Kappa coeϒcient (κ-value) for the visually marked IEDs and 
HFOs per 1-minute segment across all three montages.147 A κ<0 reÀects that 
the agreement was made by chance; κ=0.5 reÀects moderate agreement; κ=1 
indicates complete agreement. We de¿ned κ>0.5 as the threshold of suϒcient 
concordance.148 

Agreed events (IEDs, ripples, and FRs) were de¿ned as events marked by both 
reviewers (ZW, JG). Recordings with more agreed events had a greater inÀuence 
on the calculation of the κ-value for that montage compared to recordings 
with fewer agreed events. To address this imbalance, we calculated the overall 
weighted average κ-value as a proxy for IED and HFO marking quality across the 
three montages. For example, the overall weighted average κ-value for the IED 
in AVG equals

(κ
1
 * Nr. Agreed IED

1
) + (κ

2
 * Nr. Agreed IED

2
) + (κ3 * Nr. Agreed IED3) + ...

Nr. Agreed IED
1
 + Nr. Agreed IED

1
 + Nr. Agreed IED

1
 + ...

(1,2,3… represented the recording numbers)

All agreed events, onwards termed events, were retained for subsequent montage 
performance analysis, while events marked by only one reviewer (ZW or JG) were 
rejected.

Figure 1: Schematic illustration of the ioECoG recording situations, the three montages with their 
corresponding channels, and three representative patient examples. A) Schematic representation of a 
standard electrode grid con¿gured with AVG, HBIP, and VBIP montages. After opening the dura, the grid 
is placed in various positions per stage, and ioECoG is recorded in each position for 2-5 minutes. Based 
on the standard 4x5 grid con¿guration, the AVG consist of 20 channels, the HBIP of 16 channels, and the 
VBIP of 15 channels. An example of data from a single channel, showing events in the IED, ripple, and FR 
band, is presented for each montage. AVG (in red): average reference signal is calculated by summing 
the voltages from all electrodes (excluding the mastoid reference, and bad channels) and dividing this by 
the total number of electrodes. The potential for each electrode is calculated by subtracting the average 
reference signal from the voltage recorded at that electrode.  HBIP (in blue): for each neighboring pairs 
of adjacent electrodes that are transversely aligned – left to right in horizontal direction over the grid–,  
the bipolar potential is calculated as the voltage recorded at the left electrode subtracted from the voltage 
recorded at the right electrode (e.g., 01-02, 02-03, 03-04, 04-05). VBIP (in green): for each neighboring 
pair of adjacent electrodes that are longitudinally aligned – top to bottom in vertical direction over the 
grid – , the bipolar potential is calculated as the voltage recorded at the lower electrode subtracted from 
the voltage recorded at the upper electrode (e.g., 01-06; 06-11; 11-16). B) Patient example (Pat.nr 13) 
showing IEDs in the frontal lobe for the three montages. Bi)  intraoperative photographs (unresected 
cortex, pre-resection recording, and after ¿nal resection) are matched to determine channel positions 
and resected tissue (also for Ci and Di). Bii) patient characteristics (Pat.nr, histopathology, anatomical 
location, 1y seizure outcome) and schematic visualization of the pre-resection grid position including 
the resected area to label channel as either resected or non-resected (also for Cii and Dii). Biii) in the 
pre-recording, IEDs were observed on AVG channel 09, 14, 15 and 20; on HBIP channel 08-09, 09-10, 
13-14, 14-15, and 19-20; on VBIP channel 04-09, 09-14, 14-19, 10-15, 15-20. Instantaneous artifacts 
were observed on AVG channel 05, 12, 17; on HBIP channel 04-05, 11-12, 12-13, 16-17, 17-18; on VBIP 
channel 05-10, 07-12, 12-17. C. Patient example (Pat.nr 02) showing ripples in the parietal lobe for the 
three montages. Ciii) in the pre-recording, ripples were observed on AVG channel 03; on HBIP channel 
02-03, 03-4; on VBIP channel 03-08. D) Patient example (Pat.nr 01)  showing FRs in the temporal-
parietal-occipital region for the three montages. Diii) in the pre-recording, FRs were observed on AVG 
channel 07; on HBIP channel 06-07, and 07-08; on VBIP channel 02-07, 07-12. Instantaneous high-
frequency noise were observed on AVG channel 20; on HBIP channel 19-20; on VBIP channel 15-20. 
Abbreviations: AVG = average montage, HBIP = horizontally-oriented bipolar montage,  
VBIP = vertically-oriented bipolar montage, IED = interictal epileptiform discharge, FR = fast ripple, 
ioECoG = intraoperative electrocorticography, Pat.nr = patient number, FCD = focal cortical dysplasia, 
Engel IA = seizure free ≥ 1 year after surgery. 
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Montage performance and analysis
All events were extracted from the BrainQuick .trc ¿les and imported into Matlab 
(version 2022, The MathWorks Inc, Natick, MA) for further analysis. We assessed 
the montage performance as follows: 1) number of channels with events; 2) total 
event counts; 3) number of event instances; 4) concordance of event instance 
over montages; 5) events morphology; 6) percentage of channels with events 
located within the resected area. The assessments were performed independently 
for IEDs, ripples, and FRs, and subsequently compared across the three montages.
1.	 Number of channels with events: we normalized for the variance in the total 

number of artefact free channels across the montages by using the number of 
artefact free channels in AVG montage as reference. Based on this reference, 
we proportionally adjusted the channel counts in the HBIP and VBIP montages. 
We ¿rst calculated the normalized number of channels with events for each 
recording (pre-, intermediate-, and post-resection) at the recording group 
level. We further summed these number across all recordings for each patient, 
obtaining patient group level data.

2.	 Total events count: following the same proportional adjustment based on 
channel normalization, we calculated the normalized event counts at the 
recording and patient group levels.

3.	 Number of event instances: an event instance is de¿ned as a duration in which 
at least one event occurred in a single montage. If multiple events had overlap 
in time, the event instance covers the duration of all overlapping events. We 
calculated the number of event instances at the recording group level.  

4.	 Concordance of event instances: we compared if event instances had overlap 
in time between montages. These simultaneous event instances in at least 
two montages were classi¿ed as concordant event instances. In contrast, 
event instances that were detected solely in one montage were classi¿ed as 
unique event instances. Venn plots were used to illustrate the concordant and 
the unique event instances between the montages.

5.	 Event morphology: we calculated the following properties for each event: 
i) the maximum amplitude (in µV), de¿ned by the highest absolute value 
within the duration of the event based on Hilbert transform envelope; ii) the 
duration (in ms): the time from start to stop of the marking of an event; iii) 
the frequency (in Hz), by counting the number of times an event crosses the 
zero horizontal axis (zero crossing rate). For comparisons between montages, 
we used the averaged morphologies, weighted at the recording group level. 
The event count for each recording represented its relative importance, with 
recordings containing a higher event count carrying greater statistical weight.

6.	 Percentage of channels with events located within the resected area: we  
calculated the amount of channels with events located inside the resection 
margin, for each pre- and intermediate-recording. We then compared the 
percentage as following:

The percentage channels with events within resected area 

=
The amount of channels with events in the resected area

Total amount of channels in the resected area
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Statistical analysis
We calculated and compared the following variables among three montages: i) 
weighted average κ-values; ii) number of channels with events; iii) total events 
count; iv) number of event instances; v) event morphology (maximum amplitude, 
duration, frequency); vi) percentage of channels with events in the resected area.

These variables contained three level nested data, namely several recordings (i) 
within multiple recording stages (e.g pre-, intermediate-, and post-recordings;  
R) per patient (P). Two generalized linear mixed models (GLMM) were utilized to 
account for these dependencies:

•	 Model 1 used for the analysis of i) and v):
log(E[Y
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]) = α + α

R
 + α

P
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•	  And Model 2 used for the analysis of ii), iii), iv), and vi): 
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where log(E[Y
miRP

]) is the logarithmic transformation to the calculated variable for 
recording i in recording stage R in patient P on montage m, α the overall intercept; 
α

R
 the ¿xed eϑect for recording stage R; α

P
 the ¿xed eϑect for patient P; X

Hm  
& X

Vm
 

variables for the variables in the HBIP and VBIP montage (AVG was selected as 
the reference category); XiRP 

(weighted power) the count of events for recording i 
in recording stage R in patient P; εmRPthe residual error for recording i in recording 
stage R in patient P on montage m; ε

RP
 the residual error for recording stage R in 

patient P; ε
P
​ the residual error for patient P β

1
, β

2
, and β3 represent the variable 

coeϒcients.

We reported continuous variables as medians with interquartile ranges (IQR). 
Continuous variables were assessed using either the χ2-test or Fisher’s exact 
test with Bonferroni correction (p

Bonf
). Due to the non normal distribution of the 

event counts at the patient group level, we employed non-parametric Friedman 
tests to examine diϑerences across the three aforementioned montages. Post-
hoc Nemenyi test (p

Nem
) was conducted following the Friedman test for pairwise 

comparisons. In the context of GLMM, the regression coeϑecients (β
1
, β

2
) were 

reported as Estimate values (EST), representing the log-transformed diϑerence 
between montages relative to the reference montage (AVG). Exponentiated 
estimates (exp(EST)) were used to express the eϑects as multiplicative changes 
in the expected outcome. Positive values indicate an increase and negative values 
indicate a decrease, relative to the reference montage. Tukey adjustment (p

Tuk
) 

was applied following the GLMM model to account for multiple comparisons and 
control family-wise error rates. All statistical analyses were performed using 
RStudio software 4.1.0 version. Results were considered signi¿cant if p-values 
were <0.05.
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Results 
Patient population and ioECoG recordings
We included 13 patients (6 females, median age at surgery 10 years [range:  
1- 53y]; Table 1) of whom four had an epileptic focus located in the frontal lobe, two 
in the temporal lobe, and seven at the intersection of these regions. Nine patients 
underwent a single stage resection, four underwent multiple stages resection 
with intermediate-recordings. The two most common underlying pathologies 
were MCDs and CNS tumors. A total of seventy-nine recordings (40 pre-, 10 
intermediate-, and 29 post-resection recordings) from 13 patients were analyzed. 
Across these recordings, 1373 artifact free channels in the AVG montage, 1041 in 
the HBIP montage, and 967 in the VBIP montage were included. (Table 2) Three 
representative ioECoG examples displaying each of the three epileptiform events 
(IEDs, ripples, and FRs) were chosen from three individual patients to illustrate 
consistencies and discrepancies among montages (Figure 1Biii, 1Ciii, and 1Diii).

Agreed events and interrater agreement
In the AVG montage, 9555 (69.6%) agreed IEDs, 1791 (68.9%) agreed ripples, 
and 42 (57.1%) agreed FRs were retained. (Table 2) In the HBIP montage, 9003 
(66.0%) agreed IEDs, 2098 (63.8%) agreed ripples, and 44 (60.7%) agreed FRs 
were retained. In the VBIP montage, 7624 (68.6%) agreed IEDs, 1814 (55.2%) 
agreed ripples, and 45 (53.0%) agreed FRs were retained.

The overall weighted average κ-value for the AVG montage was 0.70 (IEDs: 
0.69,  ripples: 0.71, FRs: 0.75); for the HBIP 0.66 (IEDs: 0.66,  ripples: 0.67, 
FRs: 0.71); and for the VBIP 0.68 (IEDs: 0.69, ripples: 0.60, FRs: 0.65). All 
κ-values exceeded the prede¿ned threshold of 0.5, indicating reliable interrater 
agreement between the two reviewers (ZW, JG). After Tukey’s adjustment, the 
GLMM pairwise comparisons showed that the two reviewers achieved a higher 
κ-value on ripple marking in AVG and HBIP compared to the VBIP montage (AVG 
vs. VBIP EST=0.19, p

Tuk
<0.0001; HBIP vs. VBIP EST=0.12, p

Tuk
=0.01). There was 

no diϑerence in κ-value for IEDs and FRs marking among the three montages (all 
p

Tuk
>0.05). 

More channels with ripples were observed in both bipolar montages compared 
to AVG montage (HBIP vs. AVG p

Bonf
<0.0001, VBIP vs. AVG p

Bonf
<0.0001). No 

diϑerence in the number of channels with IEDs and FRs was found. There were 
no diϑerences among the three montages in the number of patients with events 
(IEDs & HFOs), nor in the number of recordings with events (Table 2).

Montage performance
Number of channels with events

After channel normalization, both bipolar montages yielded more channels with 
ripples compared to AVG montage at recording- and patient group levels (GLMM:  
HBIP vs. AVG EST=0.33,  p

Tuk
<0.0001, VBIP vs. AVG EST=0.37, p

Tuk
<0.0001; 

Friedman: HBIP vs. AVG p
Nem

=0.003, VBIP vs. AVG p
Nem

=0.005; Figure 2A). We 
found no diϑerence in the count of channels with ripples between the HBIP and 
VBIP montages. (Figure 2A) Moreover, no diϑerences were found in the numbers 
of channels with IEDs or FRs among the three montages. 
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Total event counts 
Both bipolar montages yielded more IEDs and ripples compared to AVG montage 
at the recording group level (GLMM: HBIP vs. AVG  IEDs  EST=0.23, p

Tuk
=0.0001, 

ripples EST=0.45, p
Tuk

<0.0001; VBIP vs. AVG IEDs EST=0.17, p
Tuk

=0.008, ripples 
EST=0.40, p

Tuk
<0.0001; Figure 2Bi)). At the patient group level, HBIP montage 

yielded more IEDs compared to AVG montage (Friedman: p
Nem 

=0.02); both 
bipolar montages yielded more ripples compared to an AVG montage (Friedman:  
HBIP vs. AVG p

Nem
=0.002, VBIP vs. AVG p

Nem
=0.02; Figure 2Bii). We found no 

diϑerences in IED and ripple counts between the HBIP and VBIP montages (Figure 
2B) and in FR counts among the three montages.

Number of event instances 
Both AVG and HBIP montages yielded more IED instances compared to a VBIP 
montage (GLMM: AVG vs. VBIP EST =0.24, p

Tuk
=0.0002; HBIP vs. VBIP EST=0.14, 

p
Tuk

=0.05; Figure 2C). We found no diϑerence in the number of IED instances 
between HBIP and AVG montages and in the number of ripple- or FR instances 
among the three montages.

Pat. Sex
 Age at 
surgery

Anatomical 
Location 

(side)

Histopathology
(type)

Number of recordings per 
recording stage

Post-
surgical 

follow-up
 time 

(years)Pre
Inter-

mediate
Post

1 F 9 TPO (R) MCD (FCD IIb) 4 4 1 1

2 F 17 Fr (L) MCD (FCD IIb) 1 NA 1 2

3 M 3 Fr (R) MCD  (FCD IIb) 4 NA 3 1

4 M 7 TP (R)
CNS tumor 

(Neuronal and mixed-
neuronal-glial tumor)

1 1 1 3

5 M 10 TP (L)
CNS tumor 

(Neuronal and mixed-
neuronal-glial tumor)

5 NA 4 4

6 M 14 Fr (L) MCD  (FCD IIb) 4 NA 4 2

7 F 13 T (L)
CNS tumor 

(Neuronal and mixed-
neuronal-glial tumor)

3 2 1 2

8 F 10 FP (R) Others 1 NA 1 1

9 M 5 PO (L) MCD (FCD IIb) 6 NA 3 7

10 F 16 Fr (L) MCD (FCD IIa) 2 NA 1 1

11 F 53 FP (R) Others 2 NA 1 7

12 M 10 T (R)
CNS tumor 

(Neuronal and mixed-
neuronal-glial tumor)

3 NA 3 2

13 M 1 FP (L) MCD  (FCD IIb) 4 3 5 2

Abbreviations: CNS = central nervous system, FCD = focal cortical dysplasia, Fr = frontal,  
FP = fronto-parietal, L = left, MCD = malformations of cortical development, NA = not available,  
Pat. =  the number of patient, PO = parieto-occipital, R = right, T = temporal, TP = temporo-parietal, 
TPO = temporo-parieto-occipital.

Table 1: Patient population
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Figure 2: Comparison of montage performance across AVG, HBIP, and VBIP montages. 
A) Number of channels with events. Ai) at recording and  Aii) patient group level, both 
BIP montages yielded signi¿cantly more channels with ripples than an AVG montage.   
(recording group-level: HBIP vs. AVG p<0.0001, VBIP vs. AVG p<0.0001; patient group 
level: HBIP vs. AVG  p=0.003, VBIP vs. AVG p=0.005). B) Total events count. Bi) at 
recording group level, both BIP montages yielded signi¿cantly more IEDs and ripples 
compared to an AVG montage (HBIP vs. AVG  IEDs  p=0.0001, ripples p<0.0001; VBIP 
vs. AVG, IEDs p=0.008, ripples p<0.0001); Bii) at patient group level, both BIP montages 
yielded more signi¿cantly ripples compared to an AVG montage (HBIP vs. AVG p=0.002, 
VBIP vs. AVG p=0.02); an HBIP montage yielded signi¿cantly more IEDs compared to 
an AVG montage (p=0.02). C) Number of event instances. At recording group level, 
both AVG and HBIP montages yielded signi¿cantly more IED instances compared to a 
VBIP montage (AVG vs. VBIP p=0.0002; HBIP vs. VBIP p=0.05). D) Concordance of 
event instances over montages. Scaled Venn plots per event type displaying the number  



85

The optimal montage

5

(% of total event instances) of concordant event instances at each inter- and divergence section across the 
three montages. An AVG montage yielded the highest percentage of unique event instances: 17% IEDs, 
16% ripples, and 30% FRs. A VBIP montage yielded the lowest percentage of unique event instances with 
3% IEDs, and 1% ripples. E)Event morphology. Ei) at recording group-level, both BIP montages  yielded 
a signi¿cantly higher maximum amplitude for IEDs and ripples than those in an AVG montage (HBIP vs. 
AVG IEDs p=0.02, ripples p=0.0001; VBIP vs. AVG  IEDs p=0.0003, ripples p=0.003); A VBIP montage 
yielded a signi¿cantly higher maximum amplitude for FRs in comparison to those in an AVG montage 
(p=0.002). Eii) duration and Eiii) frequency analysis showed no signi¿cant diϑerences for IEDs and HFOs 
among the three montages at recording group level. F) Percentage of channels in pre- and intermediate-
resection recordings with events located within the resected area: There were no signi¿cant diϑerences 
in IEDs and HFOs among the three montages. Statistical signi¿cances at the patient group levels (Aii 
and Bii) were determined using the Friedman test, with the Nemenyi test applied as a post-hoc analysis. 
Statistical signi¿cances at the recording group levels were determined by a GLMM (model 1 for panel E; 
model 2 for panel Ai, Bi, C, F) with Tukey adjustment. The inner horizontal line marks the median, and 
the inner box indicates the interquartile range (25th to 75th percentiles). 
Abbreviations: AVG = average montage, HBIP = horizontally oriented bipolar montage, VBIP = vertically 
oriented bipolar montage, IED = interictal epileptiform discharge, FR = fast ripple, GLMM = generalized 
linear mixed model, HFOs = high frequency oscillations, NS = not signi¿cant.

Concordance of event instances
The percentage of concordant event instances that occurred simultaneously 
across all three montages was 21% for IED, 39% for ripple, and 11% for FR. The 
percentage of unique event instances in AVG montage was 17% for IEDs, 16% 
for  ripples, and 30% FRs, in HBIP montage 11% for  IEDs, 11% for ripples, and  
11% for FRs and in VBIP 3% for IED, 1% for ripple, and 11% for FR. (Figure 2D)

Event morphology
Figure 2E shows the diϑerences in event morphology across the three montages 
at the recording group level. The amplitudes of IEDs and ripples were higher in 
both HBIP and VBIP montages compared to AVG montage. (GLMM: HBIP vs. AVG 
IEDs EST=0.09, p

Tuk
=0.02, ripples EST=0.11, p

Tuk
=0.0001; VBIP vs. AVG  IEDs 

EST=0.13, p
Tuk

=0.0003, ripples EST=0.09, p
Tuk

=0.003); A VBIP montage yielded 
higher FRs amplitudes than an AVG montage (GLMM: EST=0.17, p

Tuk
=0.002). 

There were no diϑerences in the amplitudes of IEDs, ripples, or FRs between HBIP 
and VBIP montages. No diϑerences in durations and frequency were observed 
among the three montages for IEDs, ripples, and FRs.

Percentage of channels with events located within the resected area
We found no diϑerences in the percentage of channels with events (IEDs, ripples 
and FRs) covering the resected tissue during pre- and intermediate-resection 
recordings among the three montages. (Figure 2F)



86

Chapter 5

AVG HBIP VBIP p-value#

IEDs

Patients with IEDs / all patients
11/13

(84.6%) 
10/13
(77%)

11/13
(84.6%) 1.00 

Recordings with IEDs / all recordings
50/79 

 (63.2%)
50/79 

 (63.2%) 
53/79

  (67.1%) 1.00 

Channels with IEDs / all channels
441/1373 
(32.1%)

341/1041
(33.2%)

302/967 
 (31.2%) 0.76 

Total number of IEDs 9555 9003 7624 NA

Ripples

Patients with ripples / all patients
13/13  

(100%)
13/13

(100%)
13/13 

(100%) NA

Recordings with ripples / all recordings
72/79

(91.1%) 
72/79 

(91.1%) 
72/79

(91.1%) 1.00 

Channels with ripples / all channels
405a/1373
(29.4%)

431b/1041 
 (41.4%)

409b/967
 (42.3%) <0.0001*

Total number of ripples 1791 2098 1814 NA

FRs

Patients with FRs / all patients 5/13
(38.4%)

4/13
(30.7%)

5/13
(38.4%) 1.0

Recordings with FRs / all recordings 14/79 
(17.7%)

9/79
(11.4%)

11/79
(11.4%) 0.52

Channels with FRs / all channels 21/1373 
(1.53%)

25/1041 
(2.40%)

23/ 967 
(2.48%) 0.36

Total FRs 42 44 45 NA

Table 2: Patients, recordings and channels with agreed events and the percentages of the total groups. 

# Pairwise comparisons were conducted using the χ2-test with Bonferroni correction, except when the 
expected frequency in one or more cells was less than 5, in which case Fisher’s exact test was applied.
* A p-value of p<0.05 is considered signi¿cant, with directionality b is signi¿cantly higher than a.
Abbreviations:  AVG = standard average montage, HBIP = horizontally oriented bipolar montage,  
VBIP = vertically oriented bipolar montage, NA = Not applicable,  IED: interictal epileptiform discharge, 
FR = fast ripple.
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Discussion
We investigated the optimal montage in marking ioECoG biomarkers (i.e., IEDs 
and HFOs) and came up with three main ¿ndings: 1) Bipolar montages, regardless 
of electrode connection direction, yielded more channels, higher counts, and 
greater amplitudes of ripples and IEDs compared to average montages. 2) 
Average montages showed most unique IEDs- and HFOs instances which were not 
identi¿ed in one of the bipolar montages. 3) The percentage of IEDs and HFOs 
channels covering the epileptogenic tissue was similar in average and bipolar 
montages.

During ioECoG tailored epilepsy surgery, prompt decision making is required. An 
average montage may provide a faster and straightforward overview, whereas 
bipolar montages may require more time for detailed analysis. We observed that 
an average montage yielded greater raw counts of IEDs and ripples than an bipolar 
montage (Table 2). Given the con¿guration by us used 4x5 electrode grids, an 
average montage comprised more channels (20 channels) than an bipolar montage 
(16 channels in horizontal orientation and 15 in vertical). This emphasizes the 
importance of conducting comparisons on an equal basis, accounting for diϑerences 
in the number of channels between montages. After channel normalization, the 
results reversed: higher counts of IED and ripple channels, and greater event 
numbers were found in the bipolar montages. A possible explanation is that an 
electrode pair in a bipolar montage records both the input and output sides142,149, 
resulting in the same event being marked twice. Two duplicate events, observed 
as phase reversals in adjacent channels of a bipolar montage, are often optimal 
for marking due to their distinct localization and prominence.138,139

We found that bipolar montages displayed more distinct amplitudes of IEDs and 
ripples, which may facilitate visual discrimination, compared to the average 
montage. This is probably because the bipolar montage emphasized local 
voltage diϑerences between two adjacent electrodes, reducing the inÀuence of 
widespread distant noise.139 In contrast, an average montage computes the mean 
voltage across all channels. During this procedure channels contaminated with 
artefacts need to be removed.138 The averaging method may dilute extensive IEDs 
or oscillations, often resulting in lower amplitude signals that might cause them to 
fail to meet the strict criteria for event marking. The other way around, focal high 
amplitude events can be reÀected on other channels. Above reasons may make 
the bipolar montage superior to average montage for subtle event analysis where 
clean, localized signals are crucial.

In our center, we are used to review the ioECoG using a horizontal orientation 
bipolar montage for research purposes33,34,89,107,132,146, but when needed we create 
an average montage to con¿rm whether the observed events are truly present 
and to rule out distortions from bipolar subtraction. For clinical evaluation of 
IEDs during the surgical procedure, we most often use the average montage. In 
this study, we found an average montage added some new information to the 
horizontally oriented bipolar montage (17% unique IED instances, 16% unique 
ripple instances, 30% unique FR instances), while the vertically oriented bipolar 
montage added less (3% unique IEDs instances, 1% unique ripple instances, 11%  
unique FR instances). One interpretation might be that some events are canceled 
out in a bipolar montage if they occur relatively synchronously at the two paired 
electrodes which may be picked up by the average montage. Another interpretation 
is that if an electrode in the middle of the grid is noisy, one channel will be 
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excluded from further analysis in an average montage, whereas two channels will 
be excluded in a bipolar montage. Moreover, electrodes positioned in the middle of 
the grid bene¿t from having neighboring electrodes on all sides, enabling multiple 
bipolar pairs in two or more traces for each electrode. In contrast, the edges and 
corners electrodes lack this advantage, making it diϒcult to discern whether the 
electrical activity originates from one electrode or is equally shared between both. 
The vertically oriented con¿guration can preserve events on the lateral and corner 
channels when the horizontally oriented channels are contaminated with artifacts 
and vice versa. This is illustrated in Figure 1Biii; as channel 17 is contaminated 
by high frequency noise, events displayed by channel 16 are also missed in the 
horizontally oriented bipolar con¿guration; whereas the bipolar channel 11-16 
channel in vertically oriented bipolar montage still captures these events. 

Brain activity can propagate diϑerently across sulci due to diϑerences in cortical 
connectivity. Placing electrodes on the same gyrus allows for a clearer understanding 
of localized IEDs and HFOs because neighboring electrodes are sampling the 
same cortical area. Nonetheless, in 15 out of 79 recordings, particularly those 
involving the temporal lobe, the grids were often aligned with the direction of 
gyri. This alignment resulted in pairs of channels from the vertically oriented 
bipolar montage to go across sulci and detect events from diϑerent gyri. A region 
of HFOs rather covers a single gyrus than multiple adjacent gyri; This could be 
reÀected by multiple consequential channels showing HFOs in horizontal direction 
and just single channels in vertical direction. The ambiguity about the precise 
origin of the vertically detected ripple may have made it more challenging for 
both reviewers (ZW, JG) to con¿dently mark the events. This likely contributed 
to lower agreement on whether the ripple was truly present and distinct (κ-value 
0.60 for ripples in VBIP). Consequently, fewer unique event instances (3% IEDs, 
1% ripples) were detected in the vertical con¿guration.

Calculating the percentage of channels with IEDs or HFOs inside the assumed 
epileptogenic zone is a widely adopted approach to evaluate their predictive 
value in epilepsy surgery research.34,50,130 Complete resection of areas generating 
IEDs and the absence of residual IEDs after resection has been associated with 
favorable seizure outcome.38,64 A recent meta-analysis showed that fully HFOs 
removal, especially that of FRs, correlates with good seizure outcome.27 Would 
diϑerent montages change the distribution of channels with events and in turn 
aϑect the diagnostic value for locating epileptogenic tissue? This study answered 
that question by showing no signi¿cant diϑerences between the average and 
bipolar montages in the percentage of channels with IEDs and HFOs covering the 
epileptogenic tissue. In other words, the distribution of channels showing IEDs 
and HFOs in the epileptogenic tissue was robust and unaϑected by the choice of 
the ioECoG montage. 

A strength of our study is its contribution to bridge practical research gap in 
investigating which ioECoG montage is optimal for marking IEDs and HFOs. We 
provided quantitative data to evaluate these diϑerences addressing a broad 
spectrum of aspects for its use in clinical practice (e.g. number of channels with 
events, total events count, event morphology, concordance of  event instances 
over montages, and percentage of channels with events in the resected area). 
Another strength is that the IEDs and HFOs analyzed in this study were marked 
by two observers. The acceptable κ-value (all >0.60) con¿rms the reliability 
of these events. Finally, we evaluated an alternative vertically oriented bipolar 
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montage and demonstrated that it added less unique information than the other 
two montages. 

The study’s limitations include the small sample size for FRs identi¿cation and 
the de¿nition of epileptogenic tissue. The rarity of FRs and the low sensitivity of 
standard equipment resulted in their small size34, necessitating optimized marking 
strategies by multiple montages. Determining the exact boundaries of the 
epileptogenic zone is diϒcult even if postoperative seizure freedom was achieved. 
It is possible that some channels within the assumed epileptogenic tissue were 
covering non-epileptic, but resected tissue. The number of patients was low to 
rule out a small diϑerence in the value to localize the epileptic tissue. As our initial 
goal was to ¿nd an optimal montage for identifying speci¿c events, we deliberately 
did not compare the localization accuracy of IEDs to that of HFOs. In addition, we 
did not take the event threshold into account: regardless of whether a channel 
had one event or a dozen, it was classi¿ed as a channel with events in present 
work. In clinical practice, channels with only one or very few abnormalities might 
be less relevant identi¿er of the seizure focus than channels with frequent events. 
Future studies should focus on setting a speci¿c threshold to determine whether 
a channel should be considered for resection, rather than simply labeling it as 
abnormal based on the presence of IEDs or HFOs.

Conclusion and future recommendations 

All three ioECoG montages hold value in clinical utility to ¿nd epileptic events. 
The bipolar montage excels at detecting a higher number of events with greater 
amplitude, and the average montage reveals a broader spectrum of unique 
events. Rather than favoring one montage over the others, the choice to review 
the ioECoG between bipolar or average montage should align with speci¿c goals, 
data nature, and personal preferences. Notably, combining these montages oϑers 
complementary insights. Future advancements in automated systems could 
integrate data from both bipolar and average montages, enabling comprehensive 
analyses across multiple approaches. This progression would unify information, 
reduce the eϑort for manual review, and enhance localization accuracy. 
Furthermore, it has been suggested that high density recordings could enhance 
the signal-to-noise ratio and increase the possibility of HFO detections.​​ Further 
research is needed to investigate whether current results for standard grids can 
be generalized to high density grids. 
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Abstract
MRI and intraoperative electrocorticography are often used in tandem to delineate 
epileptogenic from healthy tissue in resective surgery for focal epilepsy. The 
aim of this study was to ¿nd the spatial relationship between MRI lesions and 
electrographic discharges on electrocorticography, e.g., spikes (<80Hz) and high-
frequency oscillations (80-500Hz).

We retrospectively included 33 pediatric and adult patients with lesional neocortical 
epilepsy who underwent electrocorticography-tailored surgery (14 female, median 
age 13.4 years, range 0.6-47.0 years). Mesiotemporal lesions were excluded. We 
used univariate linear regression to ¿nd correlations between spike/high-frequency 
oscillation rates on an electrode and its distance from the MRI lesion. We tested 
straight lines to the centre and the edge of the MRI lesion, and the distance 
along the cortical surface to determine which of these distances best reÀects the 
actual generation and propagation of spikes/high-frequency oscillations. A simple 
slopes moderator analysis was used to investigate the inÀuence of the underlying 
pathology type and lesion volume on our results.

We found spike and high-frequency oscillation rates to be spatially linked to the edge 
of the MRI lesion. The underlying pathology type inÀuenced the spatial relationship 
between spike/high-frequency oscillation rates and the MRI lesion (p

spikes
<0.0001, 

p
ripples

<0.0001), while lesion volume did not (p
spikes

=0.64, p
ripples

=0.89). A higher 
spike rate was associated with a shorter distance to the lesion for cavernomas 
(F(1,64)=-1.37, p<0.0001, η2=0.22), focal cortical dysplasias (F(1,570)=-0.25, 
p<0.0001, η2=0.05), and pleomorphic xanthoastrocytomas (F(1,66)=-0.18, 
p=0.01, η2=0.09). In focal cortical dysplasias, a higher ripple rate was associated 
with a shorter distance (F(1,570)=-0.35, p<0.0001, η2=0.05). Conversely, low-
grade gliomas showed a positive correlation; the further an electrode was away 
from the lesion, the higher the rate of spikes (F(1,75)=0.65, p<0.0001, η2=0.37) 
and ripples (F(1,75)=2.67, p<0.0001, η2=0.22).

We conclude that pathophysiological processes speci¿c to certain pathology 
types seem to determine the spatial relationship between the MRI lesion and 
electrocorticography results. Our data support the notion that non-tumorous 
lesions (focal cortical dysplasias, cavernomas) intrinsically generate spikes 
and high-frequency oscillations, while low-grade gliomas preferentially cause 
epileptogenicity in the peritumoral tissue. This suggests that a one-size-¿ts-
all interpretation for intraoperative electrocorticography may not exist; The 
underlying pathology and its inÀuence on the generation of spikes and high-
frequency oscillations should be considered.
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Introduction
Up to 30-40% of people with focal epilepsy cannot achieve adequate seizure 
control despite optimised drug treatment.4,150,151 In many of these cases, the 
surgical resection of the presumed seizure focus is an eϑective and safe treatment 
option.4,151,152 The accurate localisation of epileptogenic tissue is paramount for 
a good surgical outcome.4,30,153,154 Rosenow and Lüders155 de¿ned the minimal 
theoretical resection area to ensure seizure freedom as the epileptogenic zone 
(EZ). More recent evidence has led to an emerging view of the EZ not as a static 
area of tissue but an interconnected network within the epileptic brain.156-161 

During pre-surgical workup, MRI scans form a vital basis for the localisation 
of structural lesions associated with epilepsy.4,152,162,163 Patients with a clearly 
de¿ned MRI lesion are two to three times more likely to achieve postoperative 
seizure-freedom than patients without structural abnormalities on MRI.4 But 
not all epileptogenic pathologies are readily visible on structural MRI scans.163 
Moreover, even a clearly de¿ned MRI lesion is not necessarily the sole substrate 
for epileptogenic processes.156 Tissue around or at a distance from an MRI lesion 
may be more epileptogenic than the lesion itself.89,164,165 This implies that MRI 
lesions, which are often the primary target of surgical resection, may be only part 
of a broader epileptogenic network.156 Additional diagnostic techniques are needed 
to delineate parts of this network that cannot be detected through MRI alone.

Intraoperative electrocorticography (ioECoG) can assist the localisation of the 
EZ beyond the margins of MRI lesions,30,153,166-168 particularly in patients with 
neocortical lesions.32,153 A surgical strategy that combines a complete resection 
of the MRI lesion and resecting epileptogenic tissue identi¿ed through ioECoG 
has been linked to a better surgical outcome than lesionectomy alone.153,168 
Limitations of ioECoG include the limited time available to gain accurate recordings 
during surgery, its dependency on interictal rather than ictal biomarkers, and its 
susceptibility to anaesthesiologic agents.30,153,166,168

Epileptiform spikes are the most commonly used ioECoG biomarkers to identify 
epileptogenic tissue.155,168 The cortical area where spikes are found is thought to 
be larger than the EZ.153 Patients often display multiple areas of spike generation, 
from which spikes are thought to propagate throughout the brain along the 
epileptogenic network.157,158,169-171 In recent decades, high-frequency oscillations 
(HFOs) have been described as promising electrographic biomarkers, though 
their clinical application is not yet as widespread as that of spikes.12,154,172,173 
HFOs represent prominent, burst-like events with a frequency of >80Hz. They 
can be subclassi¿ed into ripples (80-250Hz) and fast ripples (250-600Hz).12,166,172 
HFOs, particularly fast ripples132,174, have been shown to be more speci¿c for 
epileptogenic tissue than spikes.11,175 Their complete removal has been linked to a 
better outcome than the complete removal of spikes.34,176 Other studies have put 
the reliability of HFOs as a biomarker into question.7,89,173,177

Structural MRI scans and ioECoG are often used in tandem to localize the EZ. 
However, no studies have yet investigated the direct relationship between the 
visible lesion on MRI and electrographic biomarkers recorded on ioECoG. It is 
generally assumed that the generation of spikes and HFOs are spatially linked to 
MRI lesions, but to what extent is unclear. 
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We hypothesised that the spike and HFO rates on a given ioECoG electrode 
correlate with its distance from the MRI lesion. We tested three distances as 
diϑerent models to link ioECoG ¿ndings to the MRI lesion. We hypothesised that the 
distance that best reÀects the actual generation and propagation of electrographic 
discharges within the epileptogenic network would strongly correlate with the 
recorded spike and HFO rates. Additionally, we investigated the inÀuence of the 
underlying pathology type and lesion volume on the relationship between MRI and 
ioECoG.

Materials & methods
Study design and patients
We selected patients from the cohort of participants of the HFO trial, a randomized 
controlled trial comparing the use of spikes and HFOs for intraoperative neurosurgical 
guidance.178 The results of the HFO trial will be published separately. Our institute’s 
medical ethical committee approved the trial protocol and subsequent data 
analysis. The trial was performed by the principles of the Declaration of Helsinki. 
All patients and the parents or legal representatives of eligible patients provided 
written informed consent before enrolment.

We retrospectively included pediatric and adult patients who underwent ioECoG-
tailored neurosurgery for focal lesional epilepsy at our institution between October 
2014 and January 2020 as a part of the HFO trial that ful¿lled the following criteria: 
(1) Good postsurgical seizure outcome, de¿ned as Class Ia on the Engel Outcome 
Scale at the 1-year follow-up visit179; (2) Availability of a post-operative structural 
MRIs with no radiographic signs of residual lesional tissue; We excluded (3) 
patients who had repeated surgery and (4) patients with mesiotemporal lesions. 
We included neocortical temporal lesions that did not aϑect the mesiotemporal 
structures.

Intraoperative electrocorticography
ioECoG recordings
The surgical approach and placement of ioECoG electrodes were based on the 
standardized presurgical workup at our institution. ioECoG recordings were 
performed directly on the cortex using standard 4x5 or 4x4 electrode grids and 
1x8 electrode strips (AD-Tech, Racine, WI, USA). Grids and strips consisted of 
platinum electrodes with a 4.2 mm2 contact surface and an interelectrode distance 
of 1 cm. We used a 64-channel (Micromed LTM Express) or 32-channel (Micromed 
Flexi) EEG system at a sampling rate of 2048Hz with an anti-aliasing ¿lter at 
538Hz. The neurosurgical strategy was to remove the MRI lesion based on Brainlab 
neuronavigation (Brainlab, Munich, Germany) and further  intraoperative tailoring 
of the resection with ioECoG. The intravenous application of propofol was stopped 
for 5-10 minutes during each recording until a continuous background pattern 
was con¿rmed to minimize the inÀuence of propofol on the ioECoG recordings.44 
Patients remained unconscious throughout the entire surgical procedure. The 
ioECoG was reviewed intraoperatively for spikes or HFOs in Stellate Harmonie 
Viewer (Natus Medical Inc., Montreal, QC, Canada) to guide the resection. 
Intraoperative photographs of the ioECoG grid positions on the cortex were taken.

ioECoG data selection and detection of biomarkers
We included all ioECoG recordings that were taken prior to the start of the 
resection. ioECoG recordings were retrospectively visually assessed using Brain 
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Quick Software (Micromed SpA). Artefactual channels were excluded. One-minute 
epochs near the end of each recording were selected to detect spikes and HFOs. 
Spikes and fast ripples were visually marked by the main author (SS) in a bipolar 
montage. We used conventional settings to identify spikes (1.6-80.0Hz FIR ¿lter, 
500-900μV/cm gain, 5-10 seconds/page) and fast ripples (250-1000Hz FIR ¿lter, 
10-30μV/cm gain, 1 second/page). Ripples were automatically detected in a bipolar 
montage using a MATLAB-based detector adapted to our data.13,47,180,181 All one-
minute epochs were subsequently visually checked for missing and false positive 
ripples by the main author (SS) using conventional settings (80-1000Hz FIR ¿lter, 
40-60μV/cm gain, 1 second/page). All spike, ripple and fast ripple markings were 
independently veri¿ed by two additional researchers (MZ and ES).

Pathology type
The underlying pathology type of all lesions was determined using intraoperatively 
obtained tissue samples as part of their routine histopathological analysis after 
surgery. 

MRI

MRI acquisition
All patients underwent structural 1.5T or 3T MRI brain scans using a dedicated 
epilepsy protocol pre- and postoperatively (including a 3D T1-weighted and either 
a T2-weighted or Fluid Attenuated Inversion Recovery (FLAIR) image).

MRI lesion segmentation
We segmented the MRI lesions as binary volumes using the Active Contour 
Segmentation Mode in ITK-SNAP182. Diϑerent brain and lesion tissue types 
were manually marked in the Classi¿cation pre-segmentation mode based on 
diϑerences in signal intensities in T1, T2, and FLAIR weighted scans, followed by 
a semi-automated segmentation of the MRI lesion.

All segmentations were visually veri¿ed (and manually corrected, if needed) by 
the main author (SS) and a board-certi¿ed neuroradiologist (JD). Lesion volumes 
were calculated in ITK-SNAP based on the MRI lesion segmentations.

ioECoG electrode coordinates in MRI space
We performed an automatic whole-brain segmentation of the original MRI in 
FreeSurfer183. This segmentation was then imported into the custom written image 
analysis software Java Navigation (release 2021),184 developed by HK and adapted 
for this study.

We used prominent anatomical features (such as sulci, gyri, and blood vessels) to 
visually match photographs taken during surgery to the cortical reconstruction in 
Java Navigation. We then manually placed markers for ioECoG electrodes visible 
on the photographs onto the cortex. An automated extrapolation process, which 
took the ¿xed between-electrode distance of 1 cm and the curvature of the cortical 
surface into account, was used to arrive at the position of any electrodes that were 
hidden under the skull. This allowed us to obtain coordinates in MRI space for all 
ioECoG electrodes. (Figure 1)
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Distances

Distances between ioECoG electrodes and MRI lesions
Lesion segmentations, whole-brain segmentations, and ioECoG electrode 
coordinates were imported into MATLAB (The MathWorks Inc., Natick, MA, USA). 
The bipolar montage used to mark spikes and HFOs was recreated by de¿ning the 
exact spatial midpoint between two neighbouring electrode coordinates as the 
bipolar electrode coordinate. We then calculated the following distances:
1.	 The Euclidian distance between each bipolar electrode and the closest edge 

of the lesion.
2.	 The Euclidian distance between each bipolar electrode and the centre of mass 

(COM) of the lesion.
3.	 The geodesic distance between each bipolar electrode and the COM of the 

lesion, consisting of the shortest possible straight line from the COM to the 
cortical surface and the shortest line from that point along the cortical surface 
to the electrode.

The geodesic distance was calculated using the Image Processing Toolbox and the 
open-source MatImage Library185. For an illustration of the three distances, see 
Fig. 2. We then determined which distance showed the strongest correlations with 
ioECoG biomarker rates. We used this distance for additional analyses.

Distance to the electrode with most events
We determined the electrode with the highest spike, ripple, and fast ripple rate for 
each patient. The distance to this electrode is called D

max
(spikes), D

max
(ripples), 

D
max

(fast ripples), respectively.

A

C

B
Image matching Exploration

Electrode positioning

Figure 1: The determination of ioECoG electrode coordinates in MRI space. An ioECoG recording of the left 
frontal lobe is used as an example (patient 23). (A) Intraoperative photographs were visually matched 
to a cortical reconstruction in Java Navigation using prominent anatomical features (such as gyri, sulci, 
and blood vessels). (B) Markers (magenta) were manually placed for all visible electrodes. (C) In an 
automated step, the positions of all remaining electrodes were extrapolated (cyan) taking the ¿xed 
between-electrode distance of 1 cm and the curvature of the cortical surface into account.
Abbreviations: ioECoG = intraoperative electrocorticography, MRI = magnetic resonance imaging
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Statistical analyses
We performed all statistical analyses in IBM SPSS Statistics 20 (IBM Corp., Armonk, 
NY, USA). We calculated means and standard deviations if data were normally 
distributed and medians and ranges if data were not normally distributed.

We used heteroscedasticity consistent (HC) standard errors (using an HC3 
Davidson-MacKinnon estimator) in all of our regression models and moderator 
analyses. For this reason, we report eta-squared (η2) as the eϑect size. It 
should be noted that, in our models, η2 is numerically equivalent to R2.186 To our 
knowledge, no results of comparable analyses have been published to date to serve 
as comparison for the eϑect sizes of our models. Therefore, we used Cohen’s187 
original classi¿cation for eϑect sizes: η2≤0.01 as small, η2≤0.06 as moderate, and 
η2≥0.14 as large. A p-value of <0.05 was considered statistically signi¿cant. We 
did not correct for multiple comparisons as we tested complementary hypotheses 
with interdependent variables. 

The correlation between spike/HFO rates and distance
We used separate univariate linear regression to determine the relationship 
between the three distances (dependent variable) and spike, ripple, and fast 
ripple rates (independent variable). Linear regression was performed for the entire 
population and for subgroups based on the underlying pathology. Bootstrapping 
based on 1000 samples was performed for all our linear regression models.  Based 
on the eϑect sizes of these linear regressions, we determined which of the three 
distances illustrated in Fig. 2 best reÀects the spatial link between the MRI lesion 
and ioECoG ¿ndings. The distance which showed the strongest correlations to 
spike/HFO rates was assumed to most likely represent the actual generation and 
propagation of electrographic discharges. This distance was used for all additional 
analyses.

1 
2 

3 

MRI lesion 

electrode grid 

electrode 

centre of mass 

Figure 2: An illustration of the three diϑerent distances between the MRI lesion and ioECoG electrodes. 
1. The Euclidian distance to the closest edge of the lesion (red), 2. The Euclidian distance to the COM of 
the lesion (blue), 3. The geodesic distance to the COM of the lesion along the cortical surface (green).
Abbreviations: COM = centre of mass, ioECoG = intraoperative electrocorticography, MRI = magnetic 
resonance imaging
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Visual slope comparison
To test whether the results of our linear regressions may have been caused 
by within-subject rather than between-subject eϑects, we used a visual slope 
comparison. We plotted the highest spike and ripple rate as a single data point 
per patient against the distance to that electrode (D

max
(spikes)/ D

max
(ripples)). We 

then visually compared the resulting slopes (negative vs positive) per pathology 
with those of our linear regression models. We interpreted a mismatch to indicate 
that within-subject eϑects may have caused the regression results.

Comparison of distances to the electrode with most events
We compared the mean D

max
(spikes), D

max
(ripples), and D

max
(fast ripples) using a 

one-way analysis of variance (ANOVA).

Moderator analysis of pathology type and lesion volume
We hypothesised that the underlying pathology type and/or lesion volume might 
inÀuence the spatial relationship between the MRI lesion and ioECoG results. To 
test this, we conducted a simple slope moderator analysis developed by Hayes.188 
Pathology type was tested as a categorical moderator and lesion volume as a 
continuous moderator.

Data availability 
The custom Java scripts required for the placement and extrapolation of electrode 
markers on the cortical surface in Java Navigation (release 2021) can be accessed 
via the Supplementary material. The entire software and the data that support 
our ¿ndings can be made available upon reasonable request to the corresponding 
author.
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Results
Patients and descriptive statistics
We included 33 patients (14 female, median age=13.4 years, range=0.6-47.0 
years). FCDs and gangliogliomas were the most frequent pathologies. Baseline 
characteristics and mean lesion volumes are outlined in Table 1a. Between one and 
¿ve pre-resection ioECoG recordings were performed for each patient, resulting 
in the initial inclusion of 1578 bipolar ioECoG electrodes. Two 1x8 strips had to be 
excluded because no photograph of their placement was available to reconstruct 
their coordinates in MRI space. We further excluded 168 bipolar ioECoG electrodes 
due to artefacts, which left a total of 1396 electrodes for our analyses. 

We marked a total of 3519 spikes, 1975 ripples, and 181 fast ripples. The 
mean distance of all bipolar electrodes to the edge of the lesion was 18.9 mm 
(±13.9mm), electrodes on which spikes were found had a mean distance of 17.9 
mm (±12.5mm), electrodes with ripples 18.7 mm (±12.2 mm), and with fast 
ripples 15.6 mm (±12.0 mm). For additional descriptive statistics refer to Table 
1b.

Evaluation of the three distances
All patients combined
The distance to the edge of the lesion showed a negative correlation with spike 
rates (F(1,1394)=-0.10, p=0.03, η2=0.004) and ripple rates (F(1,1394)=-0.14, 
p=0.04, η2=0.003). The distance to the centre of the lesion showed a negative 
correlation only with ripple rates (F(1,1394)=-0.22, p=0.003, η2=0.01). The 
geodesic distance along the cortical surface showed no correlations with ioECoG 
biomarker rates. None of the three distances showed a correlation with fast ripple 
rates.

Strati¿ed by pathology type
The distance to the edge of the lesion showed a correlation with spike rates for 
cavernoma, FCDs, low-grade glioma, and PXAs. Ripple rates correlated for FCDs 
and low-grade gliomas. Fast ripple rates correlated for gangliogliomas. The results 
of these linear regressions are discussed in more detail below.

The distance to the centre of the lesion showed correlations for the same pathology 
types as the distance to the edge, except that it did not correlate with spike rates 
for PXAs. Eϑect sizes were either similar for the distance to the centre and the 
edge of the lesion, or larger for the distance to the edge. The geodesic distance 
showed only few correlations: spike rates correlated for DNETs and PXAs, and fast 
ripple rates correlated for PXAs.

Conclusion
In summary, the distance to the edge of the lesion showed the strongest 
correlations to ioECoG biomarker rates. Hence, this distance was used for all 
following, additional analyses and ¿gures. For all linear regression results please 
refer to Supplementary Table 1.
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Sex (number of patients)

Male/female 19 / 14

Age at surgery (years)

Median [range] 13.4 [0.6 - 47.0]

Underlying pathology
Number of 

patients (%)
Mean volume 

[SD] (cm2)

FCD 12 (36%) 2.5 [3.0]
of which subtype 2a 1 2.1

of which subtype 2b 8 3.1 [3.4]
of which subtype not conclusively identi¿able 3 1.0 [0.6]

Ganglioglioma 9 (27%) 10.6 [9.7]
DNET 5 (15%) 12.6 [9.4]
Low-grade glioma (WHO Grade I) 3 (9%) 20.8 [28.6]
PXA 2 (6%) 7.0 [8.2]
Cavernoma 2 (6%) 2.1 [0.01]

Anatomical location of surgery (number of patients, %)
Temporal 18 (55%)
Frontal 11 (33%)
Frontal and temporal 1 (3%)
Central 2 (6%)
Parietal 1 (3%)

Table 1a: Baseline patient characteristics and mean lesion volumes (cm3)

Table 1b: Total number and rates of ioECoG biomarkers, and distance characteristics.

ioECoG 
characteristics

Number of 
included bipolar 

channels

Total spikes
[mean spikes/

min, SD]a

Total ripples  
[mean ripples/

min, SD]a

Total fast ripples 
[mean fast 

ripples/min, SD]a 

All patients 1396 (100%) 3519 [8.3, SD 11.2] 1975 [5.7, SD 7.7] 181 [3.7, SD 7.0]
FCD 572 (41%) 1870 [9.4, SD 12.8] 1224 [6.0, SD 7.8] 154 [4.4, SD 8.2]
Ganglioglioma 368 (26%) 884 [8.7, SD 10.1] 521 [6.6, SD 7.3] 22 [2.0, SD 1.7]
DNET 245 (18%) 230 [3.7, SD 3.3] 125 [3.7, SD 4.7] - c

Low-grade glioma 77 (6%) 299 [10.0, SD 11.9] 35 [3.9, SD 3.8] - c

PXA 68 (5%) 167 [13.9, SD 15.3] 54 [4.2, SD 4.4] 2 [1.0, SD 0.0]
Cavernoma 66 (5%) 69 [4.1, SD 4.9] 16 [2.3, SD 1.7] - c

Distance 
characteristicsb 
(mm)

Mean distance 
to all bipolar 

electrodes, SD

Mean distance to 
electrodes with 

spikes, SD

Mean distance to 
electrodes with 

ripples, SD

Mean distance to 
electrodes with 
fast ripples, SD

All patients 18.9, SD 13.9 17.9, SD 12.5 18.7, SD 12.2 15.6, SD 12.0

FCD 20.0, SD 13.6 16.8, SD 12.1 17.9, SD 12.8 15.5, SD 13.2

Ganglioglioma 20.4, SD 12.6 20.0, SD 11.0 21.4, SD 11.8 15.4, SD 9.3

DNET 14.3, SD 14.9 11.9, SD 9.9 15.6, SD 9.1 - c

Low-grade glioma 15.6, SD 14.6 20.0, SD 16.0 28.6, SD 11.5 - c

PXA 17.5, SD 12.4 13.0, SD 7.4 17.1, SD 8.3 15.5, SD 6.3

Cavernoma 26.8, SD 15.0 23.4, SD 16.4 18.1, SD 12.8 - c

aMean spike, ripple, and fast ripple rates were calculated for channels on which at least one of the 
respective biomarkers was recorded. bEuclidian distance to the edge of the lesion. cNo fast ripples were 
recorded for these pathologies.
Abbreviations: DNET = dysembryoplastic neuroepithelial tumor, FCD = focal cortical dysplasia,  
PXA = pleomorphic xanthoastrocytoma, SD = standard deviation, WHO  = world health organization
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Distance in mm (y-axis) vs fast ripple rate/min (x-axis)

Distance in mm (y-axis) vs ripple rate/min (x-axis)

Distance in mm (y-axis) vs spike rate/min (x-axis)
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Figure 3: Scatterplots of distance against spike, ripple, and fast ripple rates with linear regression lines. 
(A) spike rates, (B) ripple rates, and (C) fast ripple rates per minute (x-axis) are plotted against the 
distance to the edge of the lesion in mm (y-axis). Linear regression lines and their respective p-value and 
eϑect size η2 are provided. Signi¿cant correlations are marked in bold and with an asterisk (*). It should 
be noted that the scale of the x-axis diϑers from the ¿rst to the second row of plots in (A) and (B). No 
fast ripples were recorded for cavernoma, DNETs, and low-grade glioma.
Abbreviations: DNET = dysembryoplastic neuroepithelial tumor, FCD = focal cortical dysplasia,  
PXA = pleomorphic xanthoastrocytoma
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Correlations between spike/HFO rates and distance for 
diϑerent pathology types
Spike rates
A higher spike rate was associated with a shorter distance to the lesion for 
cavernomas, FCDs, and PXAs. The eϑect sizes for these negative correlations 
were: large for cavernomas (η2=0.22), small for FCDs (η2=0.05), and moderate 
for PXAs (η2=0.09). Conversely, we found a positive correlation between spike 
rate and distance for low-grade gliomas. The eϑect size of this correlation was 
large (η2=0.37). Spike rates did not correlate with distance for DNETs and 
gangliogliomas. (Figure 3A)

HFO rates
We found correlations for two pathologies between ripple rates and distance: FCDs 
showed a negative correlation with a small eϑect size (η2=0.05), and low-grade 
gliomas showed a positive correlation with a large eϑect size (η2=0.22). Ripple 
rates did not correlate with distance for cavernomas, DNETs, gangliogliomas, and 
PXAs. (Figure 3B) No fast ripples were recorded for cavernomas, DNETs, and low-
grade gliomas. Gangliogliomas showed a negative correlation between fast ripple 
rates and distance with a small eϑect size (η2=0.03). No correlation was found for 
FCDs and PXAs. (Figure 3C)

Distance to the electrode with the maximum event rate
Visual slope comparison
All correlations we found through linear regression were consistent with the slopes 
in this visual analysis, except for PXAs. We found a positive slope for PXAs with 
single data points per patient, while our linear regression results indicated a 
negative correlation between spike rate and distance for PXAs. (Figure 4A, 4B)

Mean distances
A one-way Welch’s ANOVA revealed no signi¿cant diϑerences between the mean 
distance to the electrode with the highest rate of spikes, ripples, and fast ripples 
(F(6, 2283)=0.98, p=0.41). (Figure 4C)
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Figure 4: Distances to electrodes with the highest event rates. Scatterplots of the maximum recorded 
(A) spike rate in spikes/min and (B) ripple rate in ripples/min (x-axis) and the distance of that electrode 
to the lesion edge in mm (y-axis). Every patient is represented by a single dot to visually compare the 
resulting slope to the linear regression results in Fig. 3. Except for the result for PXAs, all slopes matched 
those of our earlier results. (C) Boxplots of the distribution of the D

max
(spikes), D

max
(ripples), D

max
(fast 

ripples).
Abbreviations:FCD = focal cortical dysplasia,  PXA = pleomorphic xanthoastrocytoma
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The inÀuence of pathology type and lesion volume
Mean lesion volumes
Gliomas (20.8±28.6 cm3) tended to have the largest lesion volumes. FCDs 
(2.5±3.0 cm3) and cavernomas (2.1 ± 0.01 cm3) tended towards relatively small 
lesion volumes on MRI. (Figure5A)

Moderator analysis of pathology type and lesion volume
A moderator analysis revealed the underlying pathology type to have a signi¿cant 
eϑect on the correlation between spike rates and distance (F(5, 1382)=14.98, 
p<0.0001) while lesion volume did not (F(1,1382)=0.21, p=0.64). (Fig. 5, 
B-D) We also found pathology type to inÀuence the relationship between ripple 
rates and distance (F(5,1382)=8.65, p<0.0001), while lesion volume did not 
(F(1,1382)=0.02, p=0.89). Neither pathology type (F(2,1000)=0.07, p=0.93) 
nor lesion volume (F(1,1000)=0.22, p=0.64) inÀuenced the relationship between 
fast ripple rates and distance.
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Figure 5: Illustration of the simple slopes moderator analysis. (A) Boxplots of the lesion volumes 
strati¿ed by pathology types. FCDs and cavernoma tended to have the smallest, low-grade gliomas 
the largest lesion volumes. (B-D) An illustration of the inÀuence of pathology type and lesion volume 
on the relationship between spike rates and distance. B-D show scatterplots of the mean distance to 
the edge of the lesion in mm (y-axis) against the mean spike rate per minute at that distance (x-axis). 
Regression lines are provided for diϑerent pathology types (coloured slopes). Diϑerent lesion volumes 
are represented in the three scatterplots: (C) mean lesion volume (10.4cm3), (B)large lesion volume 
(mean+1*SD=22.5cm3), (D) small lesion volume (mean-1*SD=0.5cm3). The regression slopes diϑer 
markedly between pathology types within the three scatterplots (B-D). However, slopes of the same 
pathology type vary only insubstantially when compared at large (B), average (C), and small lesion 
volumes (D). This illustrates the fact that pathology type has a signi¿cant inÀuence on the relationship 
between spike rates and distance (p<0.0001), while lesion volume does not inÀuence that relationship 
(p=0.64). It should be noted that the small, average, and large volume categories are only exemplary. 
Lesion volume was treated as a continuous moderator in our analysis.
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Discussion
We found spike and HFO rates to be spatially linked to the edge of the MRI lesion 
in patients with focal epilepsy. The nature of this link depended on the underlying 
pathology type. High spike rates correlated with a shorter distance to the edge 
of the lesion for cavernomas, FCDs, and PXAs. High ripple rates also correlated 
with a shorter distance for FCDs. Conversely, both high spike and high ripple rates 
correlated with a longer distance to the lesion for low-grade gliomas.

The spatial link between spike/HFO rates and the edge of 
the MRI lesion
The geodesic distance along the cortical surface showed a much weaker correlation 
with spike and HFO rates than the two Euclidian distances we tested. This suggests 
that a structural lesion causes high spike and HFO rates radially in all directions 
rather than exclusively along horizontal cortico-cortical connections. This is in 
line with earlier ¿ndings that epileptiform ECoG patterns recruit diϑerent areas of 
non-continuous neocortex at the same time, suggesting subcortical rather than 
purely cortico-cortical pathways of propagation.189,190  The Euclidian distance to the 
edge of the lesion was more strongly correlated with spike and HFO rates than 
the distance to the centre of the lesion. This indicates that spike/HFO generation 
is most likely spatially linked to the lesion edge, which has also been proposed in 
earlier studies.191 

In FCDs, electrodes close to the edge of the lesion showed a higher rate of spikes 
and ripples than those further away from the lesion. This is consistent with earlier 
¿ndings suggesting the epileptogenic zone is often congruent with the extent of 
the lesion in FCDs.192-194 It is also in line with the fact that FCDs, particularly type 
2, likely generate epileptic activity intrinsically.39,165,194,195 We found the opposite 
correlation for low-grade gliomas; the further an electrode was away from the 
lesion, the higher the rate of spikes and ripples it recorded. This is consistent with 
earlier ¿ndings suggesting that epileptic activities may not be intrinsically generated 
inside low-grade gliomas but preferentially arise in surrounding peritumoral 
tissue.196-198 The epileptogenicity of tissue surrounding low-grade gliomas may be 
due to in¿ltration processes by glioma cells,196,197 though neurotransmitter and 
receptor imbalances, blood-brain barrier disruption, acidosis, and hypoxia have 
also been proposed as possible pathomechanisms.198

Previous studies attribute ambivalent properties to other low-grade tumours in 
generating epileptic activity. Similar to low-grade gliomas, they can also generate 
epileptic activity at a distance from the lesion itself,199 possibly due to similar 
invasion processes of the peritumoral tissue.196 On the other hand, low-grade 
tumours like DNETs and gangliogliomas have also been shown to generate seizure 
activity intrinsically.198 This suggests these tumour types may generate epileptic 
activity both in- and outside the structural lesion. This may explain why we found 
neither a conclusive positive nor negative correlation between HFO/spike rates 
and the distance to the radiographic lesion for DNETs and gangliogliomas, while 
low-grade gliomas showed a positive and FCDs a negative correlation.

Low-grade tumours (low-grade gliomas, DNETs, gangliogliomas, and PXAs) tended 
to have larger lesion volumes than non-tumorous lesions (FCDs and cavernomas). 
The results of our moderator analysis, however, indicate that lesion volume is not 
an independent moderator of the spatial relationship between the MRI lesion and 
spike/HFO rates. Our results suggest that pathophysiological processes speci¿c to 
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the underlying pathology type most likely determine this relationship, independent 
of the size of the lesion.

Overall, spike rates showed a stronger correlation with the distance to the lesion 
than HFO rates. This implies that the generation of HFOs is less strongly spatially 
linked to the MRI lesion than the generation of spikes. This is consistent with the 
fact that HFOs are often incongruent with radiographic lesional areas and instead 
correlate with areas involved in seizure generation.165,200

We visually compared our linear regression results to slopes based on single data 
points per patient. The type of slope (positive vs negative) was consistent for 
FCDs, cavernomas, and low-grade gliomas. This suggests that the correlations we 
found through linear regression for these pathology types are based on genuine 
between-subject eϑects. However, the slope did not match the correlation type 
for PXAs. This indicates caution should be exercised in interpreting the linear 
regression results for PXAs, as they may have been caused by within-subject 
eϑects.

Clinical relevance of our ¿ndings
We found a striking diϑerence between diϑerent pathology types in terms of 
correlation between spike/HFO rates and distance. This indicates that a simple, 
one-size-¿ts-all solution may not exist for the intraoperative tailoring of epilepsy 
surgery using ioECoG. Pathomechanisms speci¿c to certain pathology types 
likely inÀuence the spatial relationship between the MRI lesion and spike/HFO 
generation. This suggests that high spike or HFO rates on ioECoG may not warrant 
the same surgical action for diϑerent underlying pathologies.

We illustrate this ¿nding in Figure 6 using the case of a FCD and a low-grade glioma 
patient. Aligning with the results of our linear regressions, high spike and HFO 
rates are located close to the edge of the radiographic lesion in the FCD patient 
(left). Because FCDs most likely generate epileptic activity intrinsically,39,165,194,195 
these high spike/HFO rates likely indicate residual lesional tissue in their vicinity. 
This strongly argues for the resection of the tissue underneath these electrodes, 
as a complete lesionectomy has repeatedly been shown to be a good predictor 
of post-surgical seizure freedom.201 This is in line with earlier studies that have 
found ioECoG tailored lesionectomy to be linked to a better surgical outcome than 
lesionectomy alone for both FCDs193,202 and cavernomas.203 

Congruent with our linear regression results, electrodes with high spike and ripple 
rates lie far outside the radiographic lesion in the exemplary low-grade glioma 
patient (right). Whether the removal of such distant foci is also related to good 
surgical outcomes is debated. Some studies have found that ioECoG tailored 
resections yield better seizure control for tumour-related focal epilepsy than 
lesionectomy alone,204,205 while others have not.68,206

This illustrates that the pathology type should be taken into account when ioECoG 
results are interpreted clinically, where the precise location of the radiographic 
lesion is not always immediately apparent due to brain shift and other uncertainties. 
One should be aware that high spike/HFO rates correlate well with proximity to 
the edge of the MRI lesion for some pathology types, but not for others. Frauscher 
et al.207 recently proposed an atlas with normative values for physiological HFO 
rates according to diϑerent anatomical locations. This is a promising way to tailor 
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A Patient 26 (FCD) B Patient 28 (Low-grade Glioma)
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Figure 6: Illustrative FCD and low-grade glioma cases. (A) Patient 26 (FCD, left) and (B) patient 28 (low-
grade glioma, right) are portrayed to illustrate the typical ioECoG ¿ndings for these pathology types in 
our study. Two pre-surgical ioECoG recordings were taken for patient 26 (solid and dashed lines), one 
was taken for patient 28 (solid line). Electrodes with high spike, ripple, and fast ripple rates are located 
close to the MRI lesion (red segmentation) for the FCD patient. Conversely, electrodes with high spike 
and ripple rates are far away from the MRI lesion for the low-grade glioma patient. No fast ripples were 
recorded for patient 28.
Abbreviations: FCD = focal cortical dysplasia, min = minute, MRI = magnetic resonance imaging
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the interpretation of ioECoG results to the anatomical site of resection. The results 
of our study suggest that the inÀuence of pathology types on ioECoG results may 
be a useful addition to such an atlas.
Furthermore, high spike or ripple rates on ioECoG are sometimes used clinically to 
determine the site of corticotomy at the beginning of resection in lesional epilepsy 
surgery. It is important to note that while this practice may target the area of 
highest epileptogenicity, it may not necessarily target the underlying MRI lesion 
for low-grade tumours, especially not for low-grade gliomas.

Strengths and potential limitations of this study
A strength of our study is its novelty. To our knowledge, this is the ¿rst study 
investigating correlations between neocortical spike/HFO rates and distance as a 
measure of their spatial relationship to MRI lesions. We hope future studies can 
bene¿t from our methods to overcome similar technical hurdles in fusing MRI and 
ioECoG data.

A limitation of our study is its retrospective design and the relatively small number 
of included patients. These small numbers are in part due to our strict inclusion 
criteria to minimise confounding factors. We excluded all patients with non-optimal 
surgical outcome, incomplete resections, and repeated surgeries because these 
factors might indicate that the EZ extended further than the area on which ioECoG 
was performed. We furthermore excluded patients with mesiotemporal lesions 
because mesiotemporal structures have been shown to display higher HFO rates 
than super¿cial lesions,89 possibly due to physiological HFOs being recorded along 
with pathological HFOs.89,132

We did not correct for multiple comparisons for our linear regression results. 
However, the application of a Bonferroni correction would not have signi¿cantly 
altered our results.
Another potential limitation is that we recorded relatively few fast ripples, and 
none for three pathology types. This may have limited the capacity of our analyses 
to uncover existing correlations between fast ripples rates and distance. There 
is growing evidence that fast ripples, if captured, are excellent predictors for 
epileptogenic tissue. The use of high-density ioECoG grids or additional depth 
electrodes in future studies may increase the detection of fast ripples.13,33

It should also be noted that our retrospective process of marking spikes and HFOs 
diϑers from clinical practice in ioECoG-tailored surgery, where spikes and HFOs 
are marked prospectively and according to general occurrence rather than exact 
rates. We focused solely on spike and HFO rates as indicators of epileptogenicity 
in this study, with no further classi¿cation. Several studies indicate that tailoring 
the resection to tissue generating leading instead of propagated spikes might 
be favourable to removing all tissue where spikes are recorded.65,153,206,208 HFOs 
are also thought to propagate from their area of generation160, and the resection 
of leading ripples may similarly be associated with better post-surgical seizure 
control than the resection of propagated ripples.175 It would be interesting to 
investigate the spatial relationship speci¿cally between leading spikes/ripples and 
the MRI lesion in a future study.

We would like to encourage future studies on spikes and HFOs to perform subgroup 
analyses strati¿ed by pathology type. This may advance our understanding of the 
inÀuence of pathology type, particularly tumorous versus non-tumorous lesions, 
on ioECoG results.





Published in Epilepsia, Volume 66, Issue 5, February 2025

Eline V. Schaft*, Dongqing Sun*, Sem Hoogteijling, Ziyi Wang, Frans S.S. Leijten, 
Pieter van Eijsden, Nick F. Ramsey, Pierre A.J.T. Robe, Maryse A. van ’t Klooster, Maeike 
Zijlmans on behalf of the RESPect database group

* These authors contributed equally

Chapter 7
Implementing intraoperative high-density 

electrocorticography during epilepsy surgery



110

Chapter 7

Abstract
Objective
In intraoperative electrocorticography (ioECoG) tailored epilepsy surgery, 
standard low-density (LD) electrode grids (16-20 electrodes,; 10mm inter-
electrode distance) are used, covering ±20cm2 cortex. High-density (HD) grids 
have shown advantages in basic research. We wanted to evaluate clinical use of 
HD-grids during epilepsy surgery. We assessed how often HD-ioECoG might have 
altered the presurgical hypothesis by recording highly localized epileptic spikes 
and high frequency oscillations (HFOs) and by facilitating spike onset localization.

Methods
Patients undergoing HD-ioECoG-tailored epilepsy surgery (64 electrodes, 5 mm 
inter-electrode distance; 2048Hz sampling) were selected from our registry 
(2021-2023). We assessed clinical reports to evaluate impact on surgical strategy. 
Intraoperative decision making was guided mainly by interictal spikes. We visually 
marked spikes, and HFOs (ripples 80-250Hz and fast ripples [FR] 250-500Hz) in 
1-minute artefact-free epochs. We assessed number of events, and compared 
channels covering the resected and non-resected tissue and surgical outcome 
with logistic mixed models. We assessed focal events which occurred in few 
channels and could be missed on LD grids. We analyzed spike onset localization 
with Granger’s causality. 

Results	
We included 36 HD-grid positions from 20 patients. HD-ioECoG would have 
con¿rmed the original surgical plans in 11 patients and adapted it in 6. We found 
41-5485 spikes, 0-2243 ripples (1 patient none), and 0-1008 FR (3 patients 
none) per patient. More FR occurred in channels covering the resected areas than 
outside (p<0.001), particularly in people who became seizure free (p<0.001). 
Of the spikes, ripples, and FR, 6.1%, 19.5%, and 46.7% occurred on one or two 
channels. 58.3% of the HD spike onset locations might be localized diϑerently 
with standard LD-grids.

Signi¿cance	
HD-ioECoG can be used clinically for epilepsy surgery guidance. HD-ioECoG 
captures increased detail when identifying focal epileptic events, especially FR, 
and pinpointing spike onsets, which may be missed with LD-ioECoG.
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Introduction
Epilepsy surgery oϑers a potentially curative treatment for people with focal 
epilepsy. Precise delineation of epileptogenic tissue is crucial to achieve 
postsurgical seizure freedom.209,210 Intraoperative electrocorticography (ioECoG) 
is employed to identify epileptogenic tissue by recording interictal epileptiform 
discharges directly from the cortex and guide surgical decision making during 
the surgical procedure. This technique is known as surgical ‘tailoring’.32,211 The 
ioECoG electrode grids commonly used in clinical practice typically have a 4x4 
or 4 x 5 electrode con¿guration with a 10 mm inter-electrode distance, which 
we classify here as low-density (LD). New high-density (HD) grids, with smaller 
inter-electrode distance, and thus higher resolution, have been developed. Recent 
studies have shown advantages of HD grids in research, but not yet in clinical 
routine.212

ioECoG is based on the detection of interictal epileptiform transients. Due to the low 
resolution of LD grids, entire gyri, along with critical epileptiform transients over 
anatomical structures, can be completely missed, potentially leading to signi¿cant 
gaps in detection. Traditionally, these epileptiform transients comprise of spikes, 
the established EEG biomarkers of epileptogenic tissue. Interictal spikes are events 
that either occur in isolation or propagate from the spike onset area to neighboring 
regions.213 The ability to distinguish onset spikes from propagated spikes is crucial 
since the removal of the spike onset area is associated with favorable seizure 
outcome35, whereas propagated spikes do not need to be included in the resection 
plan.214-216 Interictal high frequency oscillations (HFOs) have emerged as EEG 
biomarkers with greater speci¿city for the epileptogenic tissue than spikes 11,12. 
These fast oscillations, ranging between 80 and 500Hz, are further subclassi¿ed 
into ripples (80-250Hz) and fast ripples (FRs, 250-500Hz).11 The absence of HFOs 
after the resection has been associated with seizure freedom.33,175

HFOs are focal phenomena that could be missed when using LD electrodes.13,14,217 
With increased spatial resolution, HD-grid may record HFOs more eϑectively. 
In addition, HD-grid may better distinguish onset spikes and propagated spikes 
and facilitate reconstruction of propagation patterns. Recent studies have shown 
that HD grids provide advantages over LD grids in detection of intraoperative 
microseizures 218 and HFOs 13, and in connectivity analysis.217 We aimed to evaluate 
the clinical use of HD grids during epilepsy surgery. We studied 1) implementation 
of HD-ioECoG and looked if this adapted the surgical plan, 2) the amount of 
detected events in the resected area in people who became seizure free, and 3) 
whether HD grids facilitated detection of focal epileptic events and spike onset 
localization. 
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Materials & methods
Patient cohort
Patients of all ages were considered eligible for clinical HD-ioECoG recordings when 
they were candidates for ioECoG tailored epilepsy surgery, with a few exclusion 
criteria: 1) presumed epileptic focus in the occipital lobe, as this is associated 
with the presence of physiological HFOs;207 2) the presumed epileptic focus was 
diϒcult to reach by the relatively rigid HD-grid (e.g. interhemispheric, orbito-
frontal); and 3) if the primary purpose of ioECoG was to decide on the necessity 
of a hippocampectomy.45 

We retrospectively selected patients from this clinical HD-ioECoG cohort in the 
period September 2021 till August 2023. Exclusion criteria for further analyses 
were 1) HD-ioECoG recording under awake conditions, since HFO occurrence 
under awake conditions diϑer from those under anesthesia,58 and 2) HD-ioECoG 
recorded with the MicroMed LTM Express ampli¿er (MicroMed, Veneto, Italy) due 
to its low signal-to-noise ratio for frequencies above 100Hz.

Ethical approval
All data were collected from the Registry for Epilepsy Surgery Patients in the UMC 
Utrecht and Stichting Epilepsie Instellingen Nederland (RESPect database). The 
collection of data in the RESPect database is approved by the institute’s Medical 
Research Ethical Committee under protocol number 18-109. Participants included 
after 2018 gave consent in accordance with Declaration of Helsinki 2013 for 
collection and use of their data for research purposes. 

Clinical data 
We collected clinical characteristics, including sex, age at surgery, epilepsy 
duration, previous brain surgery, anatomical location of resection, MRI diagnoses, 
histopathological diagnoses, seizure outcome and follow-up time, from the 
RESPect database electronic data capturing system (Castor, Amsterdam, The 
Netherlands). One year postsurgical seizure outcome was determined based on 
the ILAE classi¿cation219.

High density intraoperative electrocorticography recordings
All patients underwent surgery under general anesthesia using propofol.107 Propofol 
infusion was interrupted during HD-ioECoG-recordings to achieve a continuous 
background pattern with minimal propofol eϑect.44 HD-ioECoG was recorded with 
8×8 silicone grids with 2 mm platinum electrodes (exposed surface 4.2mm2) with 
5 mm interelectrode distance (FG64C-SP05X-000, AD-Tech, Racine, WI, USA), 
placed directly on the cortex. HD-ioECoG has four times more electrodes than 
our standard LD-ioECoG, while the individual electrode contact surface area 
is the same (4.2mm2). Recordings were made with a 64-channel EEG-system 
(MicroMed LTM PLUS, MicroMed, Veneto, Italy) at 2048Hz sampling frequency. A 
unipolar ECG was included in the recordings, resulting in HD-ioECoG recordings of 
channel 1 to 63. HD-ioECoG was recorded from multiple positions on the cortex 
during diϑerent stages of surgery. Pre-resection recordings were performed to 
investigate the epileptic characteristics in the signal and to assist in de¿ning the 
resection border. Recordings were performed at moments indicated by the surgeon 
to examine whether the resection of the epileptic area was completed or should be 
extended. The ¿nal recording, after the completion of the resection, was named 
the post-resection recording. Intraoperative tailoring is based on interictal spikes 
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and ictal discharges. If an HFO expert (E.V.S./D.S.) was available, intraoperative 
HFO analysis was also incorporated in the tailoring of resection plan. When 
analyzing HFOs intraoperatively, data were transferred to a separate computer 
to visualize HFOs. The settings used are described below in the next section. 
Based on the epileptic events (either spikes alone or spikes in combination with 
ictal discharges and HFOs), advice was given by the clinical neurophysiologist 
to the neurosurgeon on the extent of the tissue to be resected in relation to 
the surgical plan. In the absence of any relevant events, the resection was 
performed based on the presurgical hypothesis of the epileptogenic zone, which 
is based on preoperative MRI, scalp electroencephalography (EEG) and long-term 
intracranial EEG if available. The added value of HD-ioECoG to the presurgical 
hypothesis, was determined post-hoc based on the clinical reports and divided 
into three categories: 1) con¿rmation of surgical plan, de¿ned by the presence of 
epileptic activity before resection, and absence of epileptic activity after resection;  
2) adaptation of surgical plan, de¿ned by adaptation and/or extension of the 
resection; 3) no added value, de¿ned by the absence of epileptic activity before 
and after resection.14 

Visual marking of interictal events 
We included all pre-resection HD-ioECoG recordings (HD-ioECoG

pre
) in our 

analyses. We only used visual analyses of interictal events without automated 
analysis methods during clinical workup or the study, because of the short 
recording times and the great amount of intraoperatively recorded artefacts. We 
selected an artefact-free one-minute epoch of each HD-ioECoG

pre
 recording that 

had minimal propofol eϑects (i.e., excluding burst suppression patterns). In these 
HD-ioECoG

pre
 epochs interictal spikes (by EVS) and HFOs, ripples and FR, (by DS) 

were visually marked independently using BrainQuick (v1.01.0012, MicroMed, 
Veneto, Italy). In case of uncertainty, expert reviewers (MZ, MvK) were consulted 
to reach consensus. Spikes were marked in an average montage with conventional 
EEG ¿lter settings (0.16Hz high pass in¿nite impulse response ¿lter, 70Hz low 
pass in¿nite impulse response (IRR) ¿lter, gain of 800µV/cm and timescale of 
15s/page). HFOs were de¿ned as oscillatory events with at least four oscillations 
(to avoid marking solely the ringing eϑect of bandpass ¿ltering sharp spikes) and 
were marked in a bipolar montage with the following settings; a) Ripples (80-
250Hz): high pass ¿nite impulse response (FIR) ¿lter at 80Hz, gain of 50µV/cm 
and timescale of 1s/page, and b) FRs (250-500Hz): high pass FIR ¿lter at 250Hz, 
gain of 10µV/cm and timescale of 1s/page) (Figure 1B). We reviewed the raw 
ioECoG signal next to marking HFOs to avoid marking false HFOs resulting from 
ringing eϑects due to the band pass ¿ltering.

Channel labels
We retrospectively matched intraoperative photos of the HD-ioECoG

pre
 positions on 

the cortical surface with photos of the ¿nal resection cavity. For each HD-ioECoG
pre

 
recording a researcher (ES, SH, ZW) - blinded to the marked HD-ioECoG events 
- categorized all unipolar channels as follows: 1) resected, channels covering the 
complete post-surgical resection cavity and channels covering the cortex around 
the resection margin (5mm); or 2) non-resected, channels covering the cortical 
tissue more than 5 mm distance away from the border of the resection cavity. In 
case that a channel partially covered the resection cavity and its 5mm edge, this 
channel was considered resected if >50% of the channel covered the resection 
cavity including 5mm edge (Figure 1A). Bipolar channels, required for HFOs 
analysis, were categorized using the unipolar channel categorization as follows: 
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1) resected: if both unipolar channels were labeled resected, or if one was labeled 
as resected and the other as non-resected
2) non-resected: if both unipolar channels were labeled as non-resected.

We quanti¿ed in how many cases the resected channels of HD-ioECoG recorded 
interictal epileptic events. We repeated this measure for the four simulated LD-
ioECoG by calculating the mean frequency that LD-ioECoG would record interictal 
epileptic events in the resected channels and compared this to the HD-ioECoG.

Focality of interictal epileptic events
In order to assess focality of interictal epileptic events, we retrospectively counted 
the number of channels with simultaneously occurring events over time for each 
event type. We classi¿ed events into three groups:  focal, semi-focal or scattered. 
A focal event was de¿ned as occurring in one channel only, a semi-focal event as 
one occurring in 2 channels, and a scattered event if more than 2 channels were 
involved. We counted the number of focal and semi-focal events, as we assume 
that these are the type of  highly localized events which might have been missed 
if recording with an LD grid.
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Figure 1:Schematic representation of methodological aspects of channel labeling, event detection and HD 
vs LD grid con¿gurations. A. A patient example (pat nr. 4) of  the intraoperative photos that were used to 
determine channel positions and resected and non-resected channels.  B. The patient’s corresponding HD-
ioECoG signals including marked events; 0.5 second of raw data with marked spikes in common average 
montage (0-70Hz, IRR ¿ltered) (left panel), ripples in bipolar montage (80-250Hz FIR ¿ltered) (middle 
panel), and FRs in bipolar montage (250-500Hz FIR ¿ltered) (right panel). C. Schematic illustration of 
conversion method form HD to LD grid con¿guration. HD grids have four times more electrodes than 
LD grids, so four diϑerent simulated LD grid con¿gurations could be constructed to compare the HD 
grid ¿ndings to the corresponding hypothetical  LD grid ¿ndings. Abbreviations: FCD = focal cortical 
dysplasia, FIR = ¿nite impulse response, FR = fast ripple, HD = high-density, ioECoG = intraoperative 
electrocorticography, LD = low-density, µV = microvolt, s = seconds.
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Spatial clustering of interictal epileptic events
In order to further evaluate which events might have been missed with LD grids, 
we retrospectively studied events on adjacent electrodes. We de¿ned spatial 
clusters as ≥1 event(s) on adjacent channels. We counted the number of clusters 
consisting of 1, 2, or 3 channels, as we assume that these are the highly localized 
clusters which might have been missed if recorded with an LD grid. Spatial 
cluster analyses were repeated for four diϑerent simulated LD con¿gurations (i.e. 
subsampled from HD grids to create LD con¿gurations with 1cm inter-electrode 
distance) to create spatial clusters as they would have been with LD recordings 
(Figure 1C).  We examined if the same spatial clusters occurred in the simulated 
LD con¿gurations in comparison to those on the HD grid. This analysis is performed 
only on HD-ioECoG recordings with events. 

Interictal spike onset localization
We retrospectively used the Granger’s causality to analyze the propagation of 
interictal propagating spikes. Granger’s causality is a bivariate measure, resulting 
in a NxN matrix, where N is the number of channels. This NxN matrix shows 
the causality of each channel to all other channels. We calculated outÀow by 
applying the sum over one direction of the NxN matrix. This outÀow represents 
propagation, since it shows the causalities of one channel to all other channels. 
The 1xN matrix was transformed back to the 8x8 grid con¿guration to display spike 
propagation. The spike onset channel was de¿ned as the channel with highest 
outÀow. We included HD-ioECoG recordings in this analysis if spike propagation 
was present, de¿ned by spikes co-occurring on at least 1/3 of the grid (i.e., ≥21 
channels). These spike onset localization analyses were repeated for 4 diϑerent 
simulated LD con¿gurations, to create spike propagation patterns as they would 
have been with LD recordings (Figure 1C). We assumed spike onset location with 
LD grid might have been located diϑerently if HD spike onset diϑered >0.5cm 
– the interelectrode distance between 2 electrodes – to LD spike onset. 

Statistical analysis
Based on intraoperatively performed analysis, we counted the numbers of patients 
per category of clinical added value by HD-ioECoG. We calculated medians and 
interquartile ranges (IQR) for continuous clinical variables. All further analyses 
described were performed post-hoc and were not taken into account in the clinical 
decision making. We calculated the total number of events per interictal event 
type (spikes, ripples, FR) on channels covering resected and non-resected tissue 
and the mean and standard deviation (SD) of the number of events per channel. 
We compared numbers of events between channels covering resected and non-
resected tissue using a logistic mixed model:

log(resection
patient

) = α + βx
event type

 + α
patient

 + γ
patient

x
event type

 + ε
patient

where resection
patient

 was the binary dependent variable (resected / non-resected),  
x

event type
 the type of interictal event, α the ¿xed intercept, β  the average relation 

between the dependent variable and the x
event type

 . the eϑects α
patient

  and  
γ

patient
x

event type
  represented the random intercept and slope for each patient. 

ε
patient

 represented the residuals. A β>0 indicates a positive association 
between number of events and resected tissue, where a β<0 indicates a 
positive association between number of events and non-resected tissue. 
These analyses were performed for the total population, good outcome  
(ILAE 1) and poor outcome (ILAE ≥2) subgroups. 
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To assess the focality of epileptic events, we calculated the numbers of focal, semi-
focal and scattered events, the number of clusters per event type, and number, 
median and IQR of channels within each cluster.  We calculated the percentage 
of focal and semi-focal events with respect to the total number of events as well 
as the percentages of clusters with 1, 2 or 3 channels with respect to the total 
number of clusters. To assess spike onset in HD-ioECoG, a spike propagation 
pattern was calculated for each patient showing spike propagation. The spike 
onset found in HD was compared with respect to resected and non-resected tissue. 
All data were processed and analyzed in Matlab 2023b (The MathWorks, Inc., 
Natick, Massachusetts, United States). All statistics were performed in RStudio 
2023.12.1 (R Core Team, 2023). We considered a two-sided tested p-value ≤ 0.05 
signi¿cant.
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Results
Clinical data 
Between September 2021 and August 2023, 27 patients underwent HD-ioECoG 
recordings. 7 patients were excluded for this study: 5 had LTM Express recordings 
and 2 had recordings under awake conditions. We included 20 patients (7 female). 
The median age at epilepsy onset was 6y (IQR 11y) and the median age at surgery 
was 24y (IQR 23.5y). One patient had prior brain surgery, two patients underwent 
stereo-EEG at 4 and 6 months preceding resection. The anatomical location of 
the resection was temporal in ten patients, frontal in seven patients, and parietal 
in three patients. Focal cortical dysplasia (MRI: n=8; histopathology: n=8) and 
central nervous system tumors (MRI: n=4; histopathology: n=6) were the most 
common MRI and histopathological diagnoses. One-year-seizure outcome was 
good (ILAE 1) in 13 patients and poor (ILAE ≥2) in 7 patients (Table 1).

High-density intraoperative electrocorticography recordings
Preresection HD-ioECoGs were recorded in 1 position in 8 patients, 2 diϑerent 
positions in 9 patients, and in 3 diϑerent positions in 4 patients. The median 
duration of each HD-recording in each position is 4 minutes 29 seconds [IQR 2 
minutes 32 seconds-8 minutes 7 seconds]. The HD-ioECoG ¿ndings con¿rmed the 
surgical plan in 11 patients, adapted the surgical plan in 6 patients, and didn’t 
have additional value in 3 patients. (Table 1) A total of 36 HD-ioECoG

pre
 recordings 

were included for further analyses, consisting of 2188 unipolar channels (1006 
resected and 1182 non-resected) vs. 1888 bipolar channels (981 resected and 
907 non-resected).  Intraoperative HFO analysis was performed in 11 out of 20 
patients (7 with good outcome). 

Visual marking of interictal events
No electrographical seizure were captured. A total of 21,358 spikes were found 
in all HD-ioECoG

pre
 recordings in all patients. Mean (±SD) number of spikes per 

channel per minute was 9.95 (±13.83) in resected and 8.31 (±13.61) in non-
resected tissue. Channels in the resected area captured spikes in 35 HD-ioECoGs 
(97%). In the simulated LD-ioECoG, channels in the resected area in 30 LD-
ioECoGS (83%) captured spikes. This is 14% lower compared to HD-ioECoG. 

A total of 8,288 ripples were found in 34 HD-ioECoG
pre

 recordings in 19 patients. 
Mean (±SD) number of ripples per channel per minute was 4.02 (±5.68) in 
resected and 3.80 (±5.56) in non-resected tissue. Channels in the resected area 
captured ripples in 30 HD-ioECoGs. In the simulated LD-ioECoG, channels in the 
resected area in 27 LD-ioECoG captured ripples. This is 8% lower compared to 
HD-ioECoG.

A total of 2,610 FR were found in 29 HD-ioECoG
pre

 recordings in 17 patients. Mean 
(±SD) number of FR per channel per minute was 1.24 (±2.47) in resected and 
0.99 (±1.78) in non-resected tissue. Channels in the resected area captured FRs 
in 26 HD-ioECoGs. In the simulated LD-ioECoG, channels in the resected area in 
19 LD-ioECoG captured FRs. This is 20% lower compared to HD-ioECoG.

Over the whole patient population, a signi¿cant positive association was found 
between resected tissue and numbers of events per channel for FR (β=0.021, 
p<0.001). In the good outcome group, a signi¿cant positive association was found 
between resected tissue and number of events per channel for FR (β=0.024, 
p<0.001), while this association was absent in the poor outcome group (β=0.018,  
p=0.69) (Table 2).
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Chapter 7

Focality of interictal epileptic events
We found 669 (3.1%) focal spikes, 630 (3.0%) semi-focal spikes, and 20,059 
(93.9%) scattered spikes. We found 924 (11.1%) focal ripples, 1,522 (18.4%) 
semi-focal ripples, and 5,842 (70.5%) scattered ripples. We found 683 (26.2%) 
focal FR, 534 (20.5%) semi-focal FR, and 1,393 scattered FR (53.3%). The number 
of highly localized events (i.e. focal and semi focal events) was thus 6.1% of the 
spikes, 19.5% of the ripples, and 46.7% of the FR (Figure 2A). 

Spatial clustering of interictal epileptic events
We identi¿ed 88 spike clusters, ranging from 1 to 8 spike clusters per HD-
ioECoG

pre
 recording. The number of channels with spikes per cluster ranged from 

1 to 63 channels with a median of 4 (IQR 17.75) channels in average montage. 
29 (33.0%) clusters consisted of one channel, 5 (5.7%) clusters consisted of 
two channels, 9 (10.2%) clusters consisted of three channels, and 45 (51.1%) 
clusters consisted of more than three channels. We found a total of 43 out of 88 
(48.9%) highly localized clusters with spikes. Comparing simulated LD clusters to 
HD clusters with events, similar cluster locations were found in 103 out of 144 LD 
con¿gurations. Thus, 28.4% of the spike clusters might be missed with standard 
LD grids.

We identi¿ed 68 ripple clusters in 19 patients, ranging from 1 to 5 ripple clusters 
per HD-ioECoG

pre
 recording. We found 0 to 10 clusters per patient (median 3). 

Each patient had 0 to 116 bipolar channels with ripples with a median of 35. Each 
cluster had 1 to 49 bipolar channels with ripples with a median of 6 (IQR 20.25). 
7 (10.3%) clusters consisted of one channel, 10 (14.7%) clusters consisted of 
two channels, 4 (5.9%) clusters consisted of three channels, and 47 (69.1%) 
clusters consisted of more than three channels. We found a total of 21 out of 68 
(30.9%) highly localized clusters with ripples. Comparing simulated LD clusters to 
HD clusters with events, similar cluster locations were found in 77 out of 136 LD 
con¿gurations. Thus, 43.4% of the ripple clusters might be missed with standard 
LD grids.

We identi¿ed 74 FR clusters in 17 patients, ranging from 1 to 4 FR clusters per HD-
ioECoG

pre
 recording. This is 1 to 9 clusters per patient (median 4) and each patient 

have 0 to 89 bipolar channels with FR (median 12). Each cluster has 1 to 32 
bipolar channels with FR (median 3 (IQR 3.75)). 19 (25.7%) clusters consisted of 
one channel, 17 (22.9%) clusters consisted of two channels, 10 (13.5%) clusters 
consisted of three channels, and 28 (37.9%) clusters consisted of more than 
three channels. We found a total of 46 out of 74 (62.1%) highly localized clusters 
with FR (Figure 2B). Comparing simulated LD clusters to HD clusters with events, 
similar cluster locations were found in 51 out of 116 LD con¿gurations. Thus, 
56.0% of the FR clusters might be missed with standard LD grids.
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Figure 2: Two patient examples demonstrating highly localized events. A. Focality of interictal events. A 
patient example (pat nr. 6) showing one-second HD-ioECoG data in the ripple band (FIR 80-250Hz) and 
the FR band (FIR 250-500Hz). Note the simultaneous ripples on two neighboring bipolar channels and 
the FRs on three bipolar channels. These HFOs might have been missed without HD recordings, since 
HD recordings have four times more electrodes (Figure 1C). B. Clustering of interictal events. HD grid 
con¿guration (pat nr. 9), showing bipolar channels. Clusters are outlined with a dark blue line. In this 
patient, there are three ripple clusters: one cluster contained 10 channels with ripples and two clusters 
contained one channel with ripples, and three FR clusters: two clusters contained 2 channels with FR and 
one cluster contained one channel with FR. These HFOs might have been missed without HD recordings, 
since HD recordings have four times more electrodes (Figure 1C). Abbreviations: FIR = ¿nite impulse 
response, FR = fast ripple, HFO = high frequency oscillation, µV = microvolt.
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Interictal spike onset localization
We analyzed spike propagation patterns in 18 HD grid positions of 9 patients with 
Granger’s causality (Figure 3). The onset spike was located in the resected area 
in 6 patients (4 were seizure free and 2 had recurrent seizures). The onset spike 
was located outside the resected area in 3 patients (2 were seizure free and 1 had 
recurrent seizures). Comparing HD onset spike to simulated LD onset spike, the 
location diϑered >0.5 cm in 42 out of 72 LD con¿gurations. Thus, 58.3% of the 
spike onset locations might be located diϑerently with standard LD grids.

B Spike onset localizaƟons in LD grids
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Figure 3: Spike onset localization with Granger’s causality. A. Spike onset localization with Granger’s 
causality is based on a tree step approach; Based on 63 HD-ioECoG channels with signal - channel 64 
was used as a reference - (left-to-right panel 1), as a ¿rst step a 63x63 matrix was calculated (left-to-
right panel 2) . In the second step the sum over the outÀow of the Granger’s causality matrix was taken. 
This outÀow represents propagation, since it shows the causalities of one channel to all other channels. 
This resulted in a 1x63 matrix (left-to-right panel 3).  In the ¿nal step this 1x63 matrix was transformed 
back into the 8x8 HD grid con¿guration to display spike propagation. The spike onset channel was de¿ned 
as the channel with highest outÀow (left-to-right panel 4). In this patient (pat nr. 4; see intraoperative 
photos in Figure 1A) the spike onset is located on grid 21. B. Spike onset localization calculated for the 
4 LD grid con¿gurations (Figure 1C). Note that due to the reduced resolution the spike onset location 
diϑers for the LD grid con¿gurations, albeit they are all  located within 0.5cm of the spike onset in the 
HD grid con¿guration. 
Abbreviations:  HD = high-density, LD = low-density, µV = microvolt, s = seconds.
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Discussion
We investigated the potential added value of HD-ioECoG within the clinical context 
of epilepsy surgery. We assessed the ability of HD-ioECoG to record highly localized 
epileptic events and to contribute to the surgical plan. Our ¿ndings indicated 
that HD-ioECoG provided con¿rmation or adaption of the resection plan in 17 
out of 20 patients (85%). Epileptic events, including FRs, were detected in the 
majority of patients. FRs were more present over the resected area, especially in 
people who were seizure free after surgery. Post-hoc analyses on the focality and 
spatial clustering of epileptic events revealed that a substantial number of highly 
localized events could potentially be missed with standard LD grids recordings. 
HD grid recordings can diϑerentiate between onset spikes and propagated spikes, 
while our simulated LD grids would mislocate the onset spike in more than 50% 
of the cases. 

We conducted HD-ioECoG recordings in 20 patients, with 17 patients (85%) 
showing FR. We did not record with LD grids in the same 20 patients. Based on our 
simulations, we argue that 46.7% of focal and semi-focal FRs and 56.0%-62.1% of 
localized FR-clusters may go undetected by LD grids. We compared our ¿ndings with 
the previous studies from our group using LD grids. In those studies, the electrode 
contact surface of LD and HD grids is the same (4.2 mm2). Straumann et al.40, 
who excluded mesiotemporal recordings in accordance with our exclusion criteria, 
found FR in 13 out of 33 patients (39.4%). Van ‘t Klooster et al.34, who included 
54 patients of whom 8 underwent mesiotemporal recordings, identi¿ed FR in 38 
patients (70.7%). After excluding eight patients with mesiotemporal recordings 
from that study, 31 out of 46 patients (67.4%) showed FR. This suggests that HD-
ioECoG recordings facilitate FR detection in a larger proportion of patients than LD 
recordings (increase of 17.5 - 45.6%). Our ¿nding is in agreement with Boran et 
al. 13 which showed that increasing the electrode density of HD-ioECoG brings the 
electrodes closer to the FR generator and improves the probability of measuring 
the maximal intensity of FRs. HFO generators, particularly those responsible for 
FR, are characterized by their small size and high spatial signal attenuation.101,220 
Studies in rats have shown that FR generating areas do not exceed 1 mm².221 Also 
in humans, recording techniques with high spatial density are crucial for capturing 
FR. This may suggest that optimal detection of FRs may require even higher-
resolution grids. However, increasing grid resolution has associated limitations. 
To achieve similar cortical coverage with higher resolution, a larger number of 
electrodes is necessary, which complicates real-time interpretation of ioECoG 
during surgery. Reducing grid size to limit channels would increase recording time 
as diϑerent grid positions are needed to record whole area of interest. Our results 
showed that HD-ioECoG with a 5 mm interelectrode distance eϑectively records 
highly localized HFOs in most patients, while maintaining readablity in real-time. 

FR were recorded more frequently in the resected area compared to the non-
resected area in people who were seizure free after surgery, suggesting that 
presence of FR is indicative of seizure generating tissue. This association was 
not found in people with seizure recurrence. Even though we found a diϑerence 
between FR in the resected and non-resected tissue, the eϑect size was limited. 
This limits the potential clinical impact. ioECoG recordings may not always measure 
HFOs, even if with a high density con¿guration. This may be due to types of 
pathologies or epileptic tissue in the depth. Recording with Àexible electrode grids 
or adding depth electrodes to the surface recordings may improve the clinical 
value and needs further investigation.
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Figure 4: Two patient examples demonstrating the clinical bene¿ts of performing HD-ioECoG to tailor 
epilepsy surgery. A. This patient example (pat nr. 17)  demonstrates the ability of HD-ioECoG to record 
highly localized events. In contrast, if an LD grid had been used there would have been a high chance 
of missing these highly localized events, in particular ripples and FR. B. This patient example (pat nr. 
10) demonstrates that the presence of anatomical brain structures (e.g. deep sulci,  large blood vessels) 
impacts the amount of events that can be captured in the recorded signal. If these recordings would have 
been made with an LD grid, there is a high chance of putting only a few electrodes on top of these brain 
structures and thereby missing out on capturing interictal events of clinical importance. This emphasizes 
the importance of high resolution recordings for tailoring purposes in epilepsy surgery. 
Abbreviations: FCD = focal cortical dysplasia; FR = fast ripple; y = year.
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The speci¿city of spikes for the epileptic tissue and therefore the use of ioECoG 
has been debated.32,222,223 Interictal spikes often extent beyond the epileptogenic 
tissue and are seen in multiple contacts due to rapid propagation, which limits its 
sensitivity for delineating epileptogenic tissue. Onset spikes are suggested to be 
more accurate predictors for epileptogenic tissue compared to interictal spikes 
alone but their speci¿city is not 100%.214 Onset spikes in the non-resected area 
of seizure free patients in our study suggest low speci¿city but the numbers are 
too little to draw conclusions. Literature highlights the importance of intracranial 
recording of HFOs and spikes for seizure outcome. The resection of FR generating 
areas and overlapping spikes and ripple onset areas have been shown to be 
associated with favorable seizure outcome.28,35 ioECoG-assisted surgery based 
on interictal spikes may be associated with extended resection beyond the true 
epileptogenic zone. That is why in clinical practice the ioECoG spikes should always 
be reviewed with the actual extension of the lesion, MRI, tissue appearance, and 
the expected pathology taken into consideration.

This study evaluated the clinical implementation of HD-ioECoG to tailor epilepsy 
surgery. Implementing HD-ioECoG in a clinical setting presents some challenges. 
First, epileptologists in our center are accustomed to perform real-time visual 
ioECoG analysis on 16-20 electrodes, whereas HD grids incorporate 64 electrodes. 
To assist epileptologists in the adjustment, we created diϑerent LD con¿gurations 
(Figure 1C), that could be used real-time. We observed that after a learning curve 
of approximately one year, after approximately 15 HD-ioECoG recordings, our 
epileptologists began to prefer HD-ioECoG over standard LD recordings. Second, 
a neurosurgical challenge is the stiϑness of the HD grid. The HD-grid’s electrode 
characteristics were similar to those of standard LD-grids (both manufactured by 
AD-tech), with comparable diameter and contact surface. Therefore, we expect 
the signal-to-noise ratio (SNR) in the fast ripple band  to be in line with previous 
literature. 224 However, these HD grids are made with a thicker silicon layer than 
that of LD grids, which might result in reduced pliability over the cortex, potentially 
introducing more noise. Recent studies have shown that Àexible strips, such as the 
WISE Cortical Strip WCS® using novel thin-¿lm technology, signi¿cantly improve 
SNR. These Àexible strips, incorporating platinum nanoparticles in a polymer base, 
enhance the detection of small amplitude FR events.224-226 The gains used in this 
HD study are similar to those used in our previous LD studies.14,34,40 We observed 
no visually perceivable diϑerences in the amplitudes of spikes, ripples, and fast 
ripples between the HD and earlier LD recordings. A direct comparison is diϒcult, 
as diϑerent ampli¿ers were used. We hypothesize that the choice of montage 
used for marking epileptic activity – diϑerent for spikes and HFOs in current study 
– may have a greater impact on observed amplitude diϑerences than the grid 
itself. This will be subject of a future study. Third, these HD grids have limited 
transparency, which can impede the recognition of the cortical surface. 

A unexpected advantage of using HD grids in clinical practice is the ability to rapidly 
recognize both epileptic and normal patterns, such as ictiform spike patterns 
and burst-suppression, because of the increased number of channels provided 
by HD grids compared to LD grids. We hypothesized that HD grids enhance the 
recording of focal phenomena, including highly localized interictal events and 
electrographic seizures detected on a limited number of electrodes. We did not 
record electrographic seizures, but we found highly localized interictal spikes and 
HFOs, especially FR, that could otherwise be missed.  Another interesting ¿nding 
is that, in some cases, the pattern of event clusters aligns with the distribution of 
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the anatomical gyrus-sulcus pattern, with events recorded only on the gyrus but 
not on the sulcus of the brain. (Figure 4B)

A limitation of our study is the absence of LD-ioECoG recordings in the same patients, 
which prevents a direct comparison between HD and LD recordings. We attempted 
to design our data analysis to draw conclusions as if LD recordings were available 
for the same patients. We reconstructed  four simulated LD grid con¿gurations 
of the electrode positions of the HD grid. (Figure 1C) Our reconstruction closely 
resembles ‘real’ LD grid recordings since it maintains the same characteristics of 
LD grid in terms of electrode size and inter-electrode distance. We analyzed epochs 
of one minute, while it is known from long-term invasive EEG that recordings of 
at least 5 minutes are needed to recognize a somewhat stable pattern227 and that 
sleep and diurnal rhythms aϑect HFO occurrence228. Another limitation is the lack 
of long-term follow-up, which may restrict the conclusions we can draw regarding 
patient outcomes. Additionally, the patient population in our study is small and 
heterogeneous, with varying underlying pathologies. Despite that, this diverse 
sample demonstrates the potential applicability of HD-ioECoG across diϑerent 
cases.

Future recommendations and conclusion

Future work should investigate using HFOs for clinical decision making and 
elaborate on pathology-speci¿c signal characteristics. The development of Àexible 
HD grids is currently ongoing.212 Clinical implementation of these new grids should 
be evaluated, but these Àexible grids are able to overcome some of the current 
clinical challenges. Grid designs should focus on enabling recording on diϑerent 
brain structures (gyri and sulci anatomy), and the possibility to record (partially) 
under the skull. Such grid may improve the signal-to-noise ratio, especially when 
the recording is facilitated by low-noise ampli¿er. Less noise facilitates fully 
automated HFO detection.180 In addition,  EEG software needs adaptation towards 
facilitating review of large numbers of channels, regardless of the montage of 
choice. 

In conclusion, we provide strong indications that HD recordings can provide 
added value in clinical settings. Speci¿cally, HD-ioECoG is able to 1) record highly 
localized interictal events, 2) identify FR in a larger number of patients compared 
to LD-ioECoG while ensuring they remain speci¿c to the resected area in those 
who achieve seizure freedom, 3) record FR speci¿cally over the resected area 
in people who are seizure free, and 4) characterize spike propagation and spike 
onset area.
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Summary
Approximately 50 million people worldwide have epilepsy. Epilepsy is caused by 
a disturbance of electrical activity in the brain, which can cause seizures. For a 
proportion of people with epilepsy, medication does not provide suϒcient seizure 
control. For these patients, epilepsy surgery can be a potentially curative treatment. 
The goal of epilepsy surgery is to achieve lifelong seizure freedom. Currently, the 
reported proportion of patients who become seizure free after surgery ranges 
between 36 and 76%, indicating that there is room for improvement.

In epilepsy surgery, it is essential to completely remove the epileptogenic zone: 
the brain region responsible for seizure generation. Accurately localizing this 
zone is challenging and is performed prior to surgery using various diagnostic 
investigations, such as EEG, MRI, and sometimes additional advanced imaging 
techniques. Based on these investigations, a surgical plan is formulated. During 
surgery, this plan can be evaluated and, if necessary, adjusted using intraoperative 
electrocorticography (ioECoG), in which brain activity is recorded directly from the 
cortical surface. These signals are assessed in real time during surgery. Traditionally, 
attention is focused on two types of abnormal signals, referred to as biomarkers: 
interictal spikes and high-frequency oscillations (HFOs). Interictal spikes are brief, 
sudden discharges of neuronal activity that indicate increased excitability of brain 
tissue. HFOs are very fast rhythmic oscillations at high frequencies (above 80Hz), 
which can be subdivided into ripples (80-250Hz) and fast ripples (250-500Hz). 
Nevertheless, there is ongoing debate regarding the use and clinical relevance of 
spikes and HFOs. This debate concerns both which biomarker is most informative 
for diϑerent patient groups and practical questions related to how these signals 
should be recorded and interpreted.

This thesis investigates the potential of ioECoG beyond traditional visual 
assessment and aims to contribute to a more accurate, eϒcient, and automated 
delineation of the epileptogenic zone. The work focuses on two complementary 
themes: advanced signal analysis of ioECoG and the interpretation of ioECoG, 
including the clinical implementation of high-resolution grids.

In Chapter 2, we investigated the temporal relationship between interictal spikes 
and HFOs when they occur simultaneously. By studying only patients who became 
seizure free after surgery, the resected tissue could be considered representative 
of the tissue responsible for seizure generation. We found that concurrently 
occurring interictal spikes and ripples were more frequently present in resected, 
epileptic tissue. In addition, subtle temporal features of these signals, such as 
their timing relative to one another, were found to provide information about 
which brain tissue was epileptic.

In Chapter 3 and Chapter 4, we examined whether speci¿c signal characteristics 
of the ioECoG could support in identifying epileptic tissue. In Chapter 3 we 
investigated whether variability in the complexity of the ioECoG signal, calculated 
as spectral entropy, was associated with surgical outcome. We found that this 
measure contains information both for distinguishing epileptic from healthy tissue 
and for estimating the likelihood of postoperative seizure freedom. In Chapter 
4, arti¿cial intelligence was used to investigate which frequency components of 
the ioECoG contribute to distinguishing epileptic from non-epileptic tissue. We 
found that certain changes in background activity, which are not readily visible 
to the naked eye, can nonetheless be informative. Whereas Chapter 2 and  
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Chapter 4 focused on ioECoG recordings obtained prior to resection and included 
only patients who were seizure free, Chapter 3 included ioECoG recordings 
acquired both before and after resection in patients with favorable as well as 
unfavorable surgical outcomes. 

In Chapter 5, we investigated whether the way ioECoG signals are displayed 
inÀuences the detection of interictal spikes and HFOs. We compared diϑerent 
visual representations of the same ioECoG recordings and assessed how well 
the various biomarkers could be identi¿ed. We found that the choice of montage 
has a major impact on what is observed, and that certain montages are more 
suitable than others for detecting speci¿c biomarkers. This highlights that the 
interpretation of ioECoG depends not only on the signal itself, but also on how it 
is presented.

In Chapter 6, we examined the relationship between the location of abnormalities 
visible on MRI and the location of biomarkers detected with ioECoG. We found that 
this relationship diϑers depending on the underlying pathology, emphasizing the 
importance of a personalized interpretation of ioECoG. In Chapter 7, we describe 
the clinical implementation of high-resolution grids for ioECoG recordings. These 
grids contain four times as many electrodes as conventional low-resolution grids. 
Their use allows for the detection of a greater number of biomarkers, particularly 
fast ripples, and enables detailed visualization of the spatial spread of interictal 
spikes.

The results of this thesis demonstrate that ioECoG can provide valuable information 
during epilepsy surgery, but that no single biomarker or method is suϒcient on its 
own to reliably identify epileptic tissue. The signi¿cance of interictal spikes, HFOs, 
and more subtle signal characteristics varies between patients and underlying 
pathologies. In addition, the interpretation of ioECoG is inÀuenced by technical 
choices, such as recording and display methods, as well as by practical factors in 
the operating room. By combining advanced signal analysis with clinical expertise 
and by carefully implementing new recording techniques, such as high-resolution 
grids, ioECoG can evolve into a more objective and reproducible tool. These 
developments oϑer perspective for further improving epilepsy surgery, with the 
ultimate goal of increasing the likelihood of seizure freedom.
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General discussion
The studies in this thesis investigated whether intraoperative electrocorticography 
(ioECoG), when supported by advanced analytical methods, can make a 
meaningful contribution to epilepsy surgery. These methods aim to overcome 
limitations of conventional visual inspection, reduce human bias, and enable more 
objective and reproducible decision-making. Speci¿cally, I evaluated the potential 
of  novel signal processing measures such as machine learning, spectral entropy, 
and explored the potential of high-density ioECoG. 

This general discussion synthesizes the ¿ndings across this thesis and reÀects on 
their methodological challenges, and their clinical impact in current and future 
clinical practice. To illustrate these issues, the discussion follows the path of a 
patient’s epilepsy surgery journey: from presurgical evaluation throughout the 
surgery, and the postoperative follow-up.

Pre-surgical: from diagnosis to de¿ned surgical plan
The ultimate aim of presurgical evaluation is to identify the epileptogenic 
zone (EZ) while safeguarding eloquent cortex. Standard assessment always  
includes high-resolution MRI, scalp EEG, and may include MEG, PET, SPECT, and 
neuropsychological testing depending on the individual patient case. Each test 
contributes unique information but remains incomplete in isolation: subtle focal 
cortical dysplasias (FCDs) may be visible or have indistinct margins on MRI, 
and functional modalities can be suggestive but non-speci¿c unless interpreted 
alongside structural and electrophysiological information.155,229 Presurgical 
evaluation is therefore best understood as an iterative process of hypothesis 
formulation and testing, in which successive investigations progressively re¿ne a 
working model of the EZ.6,230

Crucially, assumptions and ¿ndings established during the presurgical evaluation 
shape the entire downstream process. The surgical team enters the operating 
room with a presurgical hypothesis about the EZ: typically anchored in the MRI-
assumed pathology and its expected electrographic signatures. All intraoperative 
¿ndings, both structural and electrophysiological, are then evaluated through 
that lens: which information is obtained, and how this information is processed 
and taken into clinical decision making. For the neurosurgeon, it may concern 
the tissue density he is inspecting and for the electrophysiological part, the 
hypothesis inÀuences the sampled cortex and the interpretation of the signals. 
This underscores the importance of a well-established presurgical hypothesis 
about the EZ. 

Although all signal analyses (Chapter 2-4) in this thesis were performed 
retrospectively with respect to histopathology-con¿rmed pathology, the ioECoG 
recordings themselves were guided by the presurgical hypothesis formulated for 
each patient. Electrode placement, sampling strategy, and analytic focus were all 
determined by this working model of the epileptogenic zone. Consequently, every 
ioECoG dataset reÀects not only underlying pathology but also the assumptions 
embedded in the presurgical plan. The subsequent analyses used histopathological 
¿ndings as the objective benchmark for validating the electrophysiological 
observations and for interpreting the patterns observed across pathologies 
(Chapters 2-4 and 6). This approach underscores that while histopathology 
provides the de¿nitive ground truth, the data collected intraoperatively are 
fundamentally shaped by the hypothesis de¿ned before surgery.14,64,211
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In our HD-ioECoG cohort (Chapter 7), the presurgical hypothesis functioned as a 
dynamic, testable model during surgery: dense coverage was planned to assess 
whether epileptiform activity was con¿ned to the MRI-de¿ned lesion or extended 
into adjacent cortex, explicitly linking intraoperative ¿ndings to presurgical 
hypotheses. In this cohort, 11 out of 20 patients (55%) had intraoperative results 
that con¿rmed or adapted the presurgical plan, and 6 out of 20 patients (30%) 
required a substantive modi¿cation of the hypothesis, indicating that surgical 
strategy evolves through continuous feedback between preoperative reasoning 
and intraoperative evidence. While these observations derive from the HD setting 
studied, the broader implication is that the value of ioECoG – high-density or 
conventional – depends on a clear, testable presurgical hypothesis that guides 
electrode placement, focuses analysis, and enables meaningful interpretation of 
ioECoG signals.

Noninvasive clinical and neuroimaging data provide the foundation for formulating 
the presurgical hypothesis, oϑering early evidence that guides both patient 
selection and the decision to proceed with invasive evaluation. By assessing how 
clinical features, scalp EEG, and MRI ¿ndings converge on a single localization, 
these data help estimate the likelihood of seizure freedom and inform surgical 
planning. Favorable patterns such as unilateral interictal discharges and concordant 
localization across modalities are associated with better outcomes, whereas 
diϑuse or bilateral ictal activity and focal-to-bilateral tonic-clonic seizures predict 
poorer results.231,232 The presence of a structural lesion on MRI remains one of the 
strongest independent predictors of postoperative seizure freedom, while MRI-
negative cases consistently show lower odds of achieving Engel I outcome.233 
Advances in computational analysis have further expanded the interpretive power 
of presurgical data. Machine learning models applied to short peri-ictal scalp EEG 
recordings have demonstrated the ability to predict postsurgical seizure outcomes 
with reasonable accuracy, suggesting that automated analyses could support 
clinical decision-making and reduce reliance on subjective interpretation.234,235 
Similarly, automated volumetric MRI analysis improves outcome prediction, with 
quantitative measures of hippocampal and extrahippocampal atrophy enhancing 
the ability of clinical models to distinguish patients who will or will not achieve 
seizure freedom after temporal lobe resection.236 These developments indicate 
that even subtle, non-visually appreciable patterns in scalp EEG and MRI carry 
prognostic information that can be uncovered through computational pipelines. 
By integrating such approaches into presurgical evaluation, surgical teams could 
better identify patients most likely to bene¿t from resection and identify potential 
poor candidates. Additionally, they could provide clearer, individualized counseling 
about bene¿ts and risks of the surgery. In turn, this may reduce long-term 
dependence on pharmacotherapy and improve overall outcomes and quality of 
life.

The surgery: from data to decisions
Intraoperative decision-making represents the critical translation of the presurgical 
hypothesis into surgical action. Once the cranium is opened and the cortex exposed, 
the surgeon and electrophysiologist must reconcile preoperative expectations 
with real-time physiological evidence. The goal is to con¿rm, re¿ne, or adapt 
the presurgical hypothesis of the EZ based on ioECoG, neuronavigation, and – if 
applicable – functional mapping. In this phase, the earlier hypothesis determines 
how new data will be interpreted: a clear presurgical framework allows the team 
to recognize concordance, identify discrepancies, and decide whether adjustments 
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in resection strategy are warranted. Thus, intraoperative decision-making is not 
the beginning of exploration, but the veri¿cation and re¿nement of the presurgical 
hypothesis in real time.

Intraoperative navigation: from inertia to integration
Despite major advances in imaging and electrophysiology, intraoperative 
workÀows still suϑer from a certain inertia: ioECoG remains largely unaligned with 
real-time imaging data. In current practice, the navigation system is initialized 
using preoperative MRI, and once the skull is opened, this alignment rapidly 
deteriorates as brain shift occurs. Brain shift – caused by cerebrospinal Àuid 
drainage, gravity, and tissue deformation - violates the rigid-body assumption 
of navigation systems and introduces spatial errors. Reviews of neurosurgical 
navigation report that displacements of several millimeters are common, and can 
accumulate during resection, reducing the reliability of targeting.237,238 To mitigate 
this, intraoperative imaging modalities could be used to update the navigation 
framework. Among these, intraoperative ultrasound is a practical and increasingly 
popular solution: when co-registered, it provides real-time anatomical feedback, 
can detect residual pathology, and helps compensate for local deformation 
without the logistical constraints of intraoperative MRI. A high concordance can 
be reached between intraoperative ultrasound estimates of extent of resection 
and postoperative MRI.239 However, even with intraoperative ultrasound updates, 
residual misregistration remains a challenge. Computational compensation 
models, such as ¿nite-element simulations or data-driven deformation ¿elds, 
oϑer a potential solution by predicting and correcting for brain shift within the 
navigation framework. Validation studies show that these approaches can reduce 
navigation error by several millimeters compared with uncorrected systems, and 
in some cases approach the accuracy of intraoperative imaging updates.240-243 

This spatial uncertainty also aϑects the retrospective interpretation of 
intraoperative data, as electrode positions and resection margins may deviate 
from their preoperative references. In the studies presented in this thesis, this 
limitation was minimized through the use of intraoperative photographs taken 
at each surgical step, allowing precise documentation of electrode placement 
and resection boundaries. Electrode positions in pre-resection recordings, which 
formed the basis of analyses across all studies (Chapters 2-7), could be accurately 
localized relative to the pre-resection cortex. In contrast, post-resection recordings 
(Chapters 3 and 5) were more strongly aϑected by brain shift, as local deformation 
and cavity collapse introduced greater positional uncertainty. To address this, pre- 
and post-resection photographs were compared using anatomical landmarks, and 
electrode positions were linked to the post-resection photograph of the resection 
cavity, providing a consistent spatial reference for signal interpretation. Although 
navigation updates and computational corrections can substantially improve 
spatial ¿delity, they are not yet part of standard clinical care. For now, reliable 
interpretation of ioECoG and other intraoperative data still depends on meticulous 
manual alignment between electrophysiology and anatomy, underscoring the 
need for improved integration between navigation, imaging, and signal analysis 
pipelines.

Electrode choice: from low-density to high-density
In standard clinical practice, ioECoG typically employs subdural strip or grid 
electrodes with relatively wide inter-electrode spacing 10 mm (low-density). 
These macroelectrode grids provide only coarse spatial resolution, which means 
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that epileptiform activity arising in areas between electrodes may be missed 
unless multiple recordings are performed. This requires prolonged anesthesia and 
additional surgical time. The choice of the spatial resolution also depends on the 
biomarker of interest: while interictal spikes can be detected reliably with standard 
grids, high-frequency oscillations (HFOs) often originate from smaller cortical 
domains and may therefore be undersampled.12,13,244 HFO-rich regions have been 
shown to correlate more closely with the epileptogenic zone and surgical outcome 
than spike activity, emphasizing the need for higher spatial sampling when HFOs 
are used as intraoperative biomarkers.217,244

High-density ioECoG (HD-ioECoG) oϑers a substantial improvement in spatial 
sampling and can reveal epileptiform activity that would otherwise remain 
undetected. (Chapter 7) Denser electrode spacing improves the detection of fast 
ripples compared to standard grids.13 . Similarly, microseizures – highly localized 
discharges invisible to conventional grids – can be recorded with HD micro-
ECoG arrays during intraoperative monitoring.218 These ¿ndings suggest that 
conventional grids may underestimate the true extent of the epileptogenic zone, 
especially in pathologies such as FCD.

Advances in material science have also enabled the development of thin, Àexible 
HD arrays with very ¿ne electrode spacing.245,246 While such devices are technically 
promising, their value in clinical practice still needs to be demonstrated. Early 
clinical studies will have to show whether these Àexible grids are both workable 
in the intraoperative setting and add meaningful diagnostic value. A ¿rst clinical 
study addressing this question is currently performed at the UMC Utrecht. 
Challenges such as mechanical fragility, sterility, and seamless integration into 
existing surgical workÀows must be carefully addressed before these devices can 
be widely adopted.

Increasing electrode density and the number of electrodes brings practical 
challenges. In real-time intraoperative interpretation, too many channels 
can overwhelm the display: while 64-electrode grids remain manageable, 
128-electrode grids often exceed what can be visualized eϑectively on a single 
screen, complicating the detection of spikes and HFOs. Higher channel counts 
also demand faster data acquisition and more robust automated analysis pipelines 
to extract meaningful information under time pressure. Furthermore, clinical 
evidence suggests that increasing electrode density yields measurable bene¿t: 
in intracranial EEG settings, higher densities have been linked to improved 
localization and diagnostic performance.247

Spikes and HFOs: from competition to complementary 
The discussion about whether interictal spikes or HFOs serve as the better 
indicator of epileptogenic tissue is shifting from competition to complementarity. 
HFOs, particularly fast ripples, are spatially con¿ned and closely linked to the 
epileptogenic cortex, whereas spikes reÀect more distributed network excitability 
but remain robustly detectable even under intraoperative conditions. 12,244 Rather 
than representing distinct or competing biomarkers, spikes and HFOs capture 
diϑerent aspects of the same pathological process. Their co-occurrence reÀects 
multi-scale neuronal activity, combining the macroscopic population discharges 
seen as spikes with the localized micro-synchrony reÀected in HFOs. 50,248,249 
These joint events consistently outperform isolated spikes or HFOs in delineating 
the epileptogenic zone and predicting surgical outcome. 250 Spikes co-occurring 
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with ripples were more speci¿c for epileptogenic tissue than spikes without a co-
occurring ripple in patients with FCD pathology (Chapter 2), underscoring that low- 
and high-frequency dynamics convey complementary pathological information. 
While resection of fast ripples correlates strongly with surgical success33,251, co-
occurring spikes and ripples remain detectable in nearly all patients and retain 
high predictive value even when fast ripples are absent.250 (Chapter 2) Collectively, 
these ¿ndings emphasize that spikes and HFOs should not be interpreted in 
isolation but as interacting features of the same pathological network, where their 
co-occurrence oϑers the most reliable guide for surgical decision-making.

Interictal spikes and HFOs express diϑerently across diϑerent epileptogenic 
pathologies, mirroring cortical architecture and network excitability. In FCD, 
particularly type II, spikes and HFOs cluster at the lesion margin. (Chapter 3) Both 
spikes and HFOs are more common in FCD type II than FCD type I.39,200 Especially 
in FCD type II, continuous spike patterns are common.38 In tumor-related 
epilepsy, both tumor and peritumoral cortex can generate interictal activity, but 
the strongest, most consistent spikes and HFOs typically lie at the tumor interface 
where gliosis and reorganization drive hyperexcitability.89,252,253 In hippocampal 
sclerosis, spikes are dense and HFOs show region-speci¿c clustering within 
mesiotemporal structures, aligning with classic hippocampal ripple and fast-ripple 
physiology in human epilepsy.254 Cavernoma-related epilepsy is usually dominated 
by perilesional spikes, with HFOs occurring less consistently – though they can be 
present and clinically informative in individual cases – underscoring heterogeneity 
in HFO propensity across lesions.255 Taken together, these interictal patterns argue 
for a pathology-aware interpretation of ioECoG in which the diagnostic weight of 
spikes, ripples, fast ripples, and their co-occurrence is adapted to lesion type and 
spatial context. We should move beyond single-feature heuristics toward signal 
¿ngerprints that may even predict pathology from interictal ioECoG patterns. 
(Chapter 2) Recent sEEG work supports this direction by showing that combined 
features of HFOs, spikes, and connectivity carry pathology-speci¿c signatures.61 

Recording challenges: from noise to knowledge
Intraoperative recordings are shaped by several methodological variables, and 
each choice can propagate into how the signal looks and thus how it is interpreted.

Filtering, sampling, and anti-aliasing
Noise can present itself in many forms, physiological background activity, 
interference with other surgical equipment, or artifacts introduced by the recording 
system. High-pass and band-pass settings can create spurious oscillations: 
sharp transients and non-sinusoidal waveforms may generate false ripples after 
¿ltering.256 Sampling rate and anti-aliasing ¿lter placement strongly inÀuence 
automated HFO detection sensitivity and feature distributions; lower sampling 
may miss fast activity or distort event morphology, while aggressive anti-aliasing 
can attenuate true high-frequency content. To ensure that detected events truly 
reÀect underlying neuronal activity rather than ¿lter or sampling artifacts, centers 
must prede¿ne and transparently report their acquisition parameters – including 
sampling rate, analog and digital ¿lter characteristics, and detector settings – 
so that HFO metrics remain physiologically interpretable and comparable across 
studies.257
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InÀuence of anesthesia
Diϑerent anesthetic agents inÀuence ioECoG. Propofol tends to suppress HFOs 
more strongly than spikes, which may lead to underestimation of HFO-based 
markers when recordings are obtained under deep anesthesia.44,57 Importantly, 
propofol can be safely paused for short periods.107 SevoÀurane also aϑects both 
spikes and HFOs, though in a diϑerent manner, and can alter their rates and 
distribution.258 Beyond these frequency-speci¿c eϑects, anesthesia in general 
reduces overall cortical excitability, can introduce state-dependent variability in 
signal amplitude, and may increase background slowing. Together, these factors 
highlight the need to carefully consider anesthetic regimen and timing when 
interpreting ioECoG. A balance is required: recordings should be long enough to 
capture suϒcient epileptic activity, but not so long that the pause in anesthesia 
and extended surgical time increase the risk of complications such as infections.

Montage and referencing
Bipolar derivations typically yield more channels with spikes and ripples and higher 
amplitudes than average-referenced signals; conversely, average reference can 
provide a faster overview but may dampen focal events and smear high-frequency 
content. Even when overall biomarker outcome associations appear robust across 
montages, patient-level decisions can shift with montage choice. Hence, there is a 
need to document and standardize the reference used for intraoperative decision-
making. (Chapter 5)

Signal interpretation: from visual inspection to advanced 
signal analysis
Traditionally, ioECoG is analyzed visually by neurophysiologists. However, visual 
identi¿cation of spikes and HFOs is subjective, time-consuming, and inconsistent. 
Interrater variability is high, and under OR time pressure, subtle ¿ndings may 
be missed.259,260 Automated detection algorithms oϑer a promising alternative by 
providing objective, reproducible, and real-time analysis.47,261 Unfortunately, these 
algorithms have not been proven in multicenter studies and there is a lack of 
implementation in the clinical acquisitions systems.

Recent advances in signal analysis have moved beyond the counting of spikes or 
HFOs toward quantifying their morphology, frequency composition, and temporal 
coupling. By incorporating measures such as entropy (Chapter 3) , spike-ripple 
co-occurrence (Chapter 2), and spectral gradients (Chapter 4), we show that 
ioECoG has way more information in it that can be captured by just interictal 
spikes and HFOs. Quantitative characterization of patterns that involve both low- 
and high-frequency patterns in the signal enables objective and reproducible 
markers of epileptogenic tissue. Much of the progress in advanced signal analysis 
has so far been achieved in stereo EEG-recordings, where long, high-quality 
datasets allow for oϓine exploration of complex features. Translating these 
approaches to ioECoG is the next challenge. It requires the algorithms to give the 
same results, but also computationally eϒcient and robust to noise, anesthesia 
eϑects, and limited recording time. Real-time feasibility is essential: the clinical 
value of advanced analytics depends on delivering interpretable results within 
the surgical workÀow, where decisions must be made within minutes rather than 
hours. Recent frameworks for real-time HFO detection have demonstrated proof-
of-concept implementations capable of identifying epileptogenic tissue during 
ongoing recordings.262 Meanwhile, the rapid wild grow of research involved in 
advanced signal analyses underscores the need for harmonized frameworks – like 
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BIDS structured databases42 –, shared datasets, and standardized reporting, so 
that methods can transition from exploratory innovation to reliable clinical tools. 
Ultimately, real progress will come from uniting these computational pipelines 
with real-time anatomical imaging such as intraoperative navigation, enabling 
multimodal integration of structural and electrophysiological data in surgical 
decision-making.

Stop resecting: from experience to evidence
Determining when to stop resection remains one of the most challenging 
intraoperative judgments in epilepsy surgery. Traditionally, this decision has relied 
heavily on surgical and electrophysiological experience: a delicate balance between 
removing enough tissue to achieve seizure freedom and preserving eloquent 
cortex to prevent lasting de¿cits. Too little, and seizures may persist; too much, 
and postoperative impairments may follow. ioECoG oϑers a physiological compass, 
indicating whether residual epileptiform activity remains at the resection margin. 
Yet despite decades of use, there are no evidence-based thresholds de¿ning how 
much residual spiking or HFO activity can be safely left behind.

Evidence increasingly suggests that complete removal of HFO-generating cortex 
correlates with improved seizure outcome. Patients in whom HFO-rich areas were 
fully resected achieved seizure freedom signi¿cantly more often than those with 
residual HFOs.27,154,177,180 Residual spikes have been inconsistently linked to poorer 
outcomes, underscoring the variability of spike signi¿cance across pathologies 
and surgical settings.115 The lack of standardized cut-oϑs reÀects both technical 
heterogeneity and conceptual uncertainty: ioECoG remains interpreted largely 
through clinical experience rather than quantitative criteria. Bridging this gap 
requires multicenter, harmonized datasets that relate ioECoG features to long-
term outcomes. As the recordings evolve toward high-density and computationally 
analyzed frameworks, ioECoG has the potential to transform from a descriptive 
tool into a quantitative, evidence-based tool.

Post-surgery: from resection to recovery
After resective surgery, the focus shifts to recovery and long-term outcomes. 
For patients, the immediate question is whether seizures recur. If they remain 
seizure-free after surgery, the main challenge is whether and when to withdraw 
antiepileptic drugs (AED). Bene¿ts of AED withdrawal include reduction of cognitive 
and systemic adverse eϑects, drug interactions, and costs. Risks of AED withdrawal 
include seizure recurrence, with possible consequences like injuries, loss of driving 
license, work or social relapse. Evidence indicates that long-term seizure freedom 
is achievable for a substantial subset of surgical patients, but seizure recurrence 
can occur years later, which makes AED decisions hard.263 Timing when to start 
tapering after surgery is crucial: early withdrawal is associated with high risk 
of seizure recurrence in adults264 and a waiting period of at least six months is 
advised in children.265 Other factors that are a predictor of seizure recurrence after 
withdrawal are post-operative seizures and high number of AED at the time of 
surgery.264,265 Surveys among clinicians show that most would consider withdrawal 
in seizure-free patients, but practice varies widely: clinicians tend to overestimate 
recurrence risk in surgical cases relative to calculator estimates and weigh seizure 
consequences (e.g., driving) heavily in shared decisions.266,267 In practice, many 
centers consider tapering after around 12 months of seizure freedom, one AED at 
a time, with slower schedules for polytherapy, and they pause or reverse tapering 
if clinical events occur.266,268
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EEG biomarkers are frequently used to re¿ne risks of seizure recurrence. 
Postoperative interictal epileptiform discharges on scalp EEG are associated with 
higher seizure recurrence risk, and absence of IEDs for ≥6 months may support 
earlier withdrawal in carefully selected, low-risk children.265,269 ioECoG  biomarkers 
such as HFO occurrence33 or spectral entropy (Chapter 3) may help predict 
postoperative outcome. These and other biomarkers could be used in models to 
predict seizure freedom after ASM withdrawal.

Ultimately, the purpose of epilepsy surgery extends beyond seizure freedom itself. 
Successful surgery can profoundly alter the trajectory of a patient’s life. It enables 
independence, participation in work and education, and a huge relief from the social 
and psychological burden of uncontrolled seizures. Achieving seizure freedom 
reduces ASM use and thereby its side eϑects, it lowers healthcare utilization, and 
it improves cost-eϑectiveness compared to long-term medical management.270,271  
Also, quality of life consistently improves after successful resective surgery, with 
the strongest gains seen in cognitive, emotional, and social domains.272  For many 
patients, this translates into a restored sense of self control and freedom: the 
ability to live without the constant anticipation of seizures, to make plans for the 
future, and to regain trust in one’s own body. These are the ultimate goals that 
drive our scienti¿c and clinical eϑorts: not only to stop seizures, but to return 
patients their independence.

Future perspectives
The studies presented in this thesis highlight that ioECoG is an underutilized tool 
with substantial potential beyond traditional visual assessment. With advanced 
analysis, ioECoG can contribute to more precise localization, better outcome 
prediction, and more informed surgical decisions.
Future directions include:
•	 Real-time automated analysis: Algorithms that detect spikes, HFOs, and 

spectral entropy in real time could provide immediate feedback during surgery. 
Integration into surgical navigation systems will allow clinical implementation.

•	 High-density electrodes: Wider adoption of HD-ioECoG could improve spatial 
resolution, particularly in lesions with subtle boundaries. Development of new 
grids, including Àexible grids, will help the wider adoption.

•	 Multimodal integration: Combining ioECoG with advanced imaging (structural, 
metabolic, and functional) could create comprehensive surgical maps. AI 
could synthesize these data into individualized predictions.

•	 Clinical standardization: Establishing standardized acquisition, ¿ltering, and 
analysis protocols is essential to enable multicenter trials and guideline 
development.

•	 Less invasive surgery: thermo-coagulation on stereo EEG electrodes and laser 
ablation have the possibility to interrupt epileptogenic networks caused by 
small lesions or lesions in brain locations that are hard to reach by resective 
surgery.

•	 Sustainability and accessibility: By reducing the need for invasive monitoring 
and lifelong medication, optimized ioECoG-guided surgery can lower costs and 
broaden access to surgical treatment worldwide.

Ultimately, the goal is not merely technical progress but concrete improvements 
in patient care: more seizure-free patients, fewer side eϑects, and better quality 
of life. For patients, especially children, this means a future less constrained by 
seizures and medication, and more open to normal development and participation 
in daily life.
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Nederlandse samenvatting
Wereldwijd hebben ongeveer 50 miljoen mensen epilepsie. Bij epilepsie ontstaat 
er een verstoring van de elektrische activiteit in de hersenen, wat kan leiden 
tot aanvallen. Voor een deel van de mensen met epilepsie werken medicijnen 
onvoldoende. Voor hen kan epilepsiechirurgie een mogelijke genezende 
behandeling zijn. Het doel van epilepsiechirurgie is het bereiken van levenslange 
aanvalsvrijheid. Op basis van gepubliceerde gegevens ligt het percentage patiënten 
dat aanvalsvrij wordt na een operatie tussen de 36 en 76%, wat laat zien dat er 
ruimte is voor verbetering.

Bij epilepsiechirurgie is het essentieel om de epileptogene zone volledig te 
verwijderen: het hersengebied dat verantwoordelijk is voor het ontstaan van 
de aanvallen. Het nauwkeurig lokaliseren van deze zone is lastig en gebeurt 
voorafgaand aan de operatie met verschillende onderzoeken, zoals een EEG, 
MRI en soms aanvullende geavanceerde beeldvorming. Op basis van deze 
onderzoeken wordt een operatieplan gemaakt. Tijdens de operatie kan dit plan 
worden gecontroleerd en zo nodig aangepast met behulp van  intraoperatieve 
electrocorticogra¿e (ioECoG), waarbij hersenactiviteit direct van het 
hersenoppervlak wordt gemeten. Deze signalen worden tijdens de operatie direct 
beoordeeld. Hierbij wordt traditioneel vooral gekeken naar twee typen afwijkende 
signalen, zogenaamde biomarkers: interictale pieken en hoog frequente oscillaties 
(HFOs). Interictale pieken zijn korte, plotselinge ontladingen van zenuwcellen die 
wijzen op een verhoogde prikkelbaarheid van het hersenweefsel. HFOs zijn zeer 
snelle ritmische ontladingen in hoge frequenties (boven de 80Hz). Hierbij wordt 
onderscheid gemaakt tussen ripples (80-250Hz) en fast ripples (250-500Hz).  
Over het gebruik en de klinische betekenis van pieken en HFOs bestaat nog 
veel discussie. Deze discussie gaat zowel over welke biomarker geschikt is voor 
welke patiënt, als over hoe signalen het best gemeten en geïnterpreteerd kunnen 
worden.

Dit proefschrift onderzoekt het potentieel van ioECoG verder dan alleen 
de traditionele visuele beoordeling en heeft als doel bij te dragen aan een 
nauwkeurigere, eϒciëntere en meer geautomatiseerde afbakening van de 
epileptogene zone. Daarbij wordt gefocust op twee complementaire thema’s: 
geavanceerde signaalanalyse van ioECoG en de interpretatie van ioECoG, inclusief  
de klinische implementatie van hoge resolutie grids. 

In Hoofdstuk 2 bestudeerden we hoe interictale pieken en HFOs zich in de tijd tot 
elkaar verhouden en wanneer zij gelijktijdig voorkomen. Door uitsluitend patiënten 
te bestuderen die aanvalsvrij zijn na de operatie, kan het verwijderde weefsel 
worden beschouwd als het weefsel dat verantwoordelijk was voor het ontstaan 
van de aanvallen. In dit onderzoek vonden we dat vooral gelijktijdig voorkomende 
interictale pieken en ripples vaker aanwezig zijn in het verwijderde, epileptische 
weefsel. Daarnaast bleken ook subtiele tijdskenmerken van deze signalen, zoals 
het moment waarop zij optreden, informatie te geven over welk hersenweefsel 
epileptisch is.

In Hoofdstuk 3 en Hoofdstuk 4 onderzochten we of speci¿eke 
signaalkarakteristieken van het ioECoG kunnen helpen bij het herkennen 
van epileptisch weefsel. In Hoofdstuk 3 onderzochten we of de variatie in 
complexiteit van het ioECoG, berekend als spectrale entropie, samenhangt met 
het resultaat van epilepsiechirurgie. We vonden dat deze maat zowel informatie 
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bevat om epileptisch weefsel te onderscheiden van gezond weefsel, als informatie 
over de kans op aanvalsvrijheid na de operatie. In Hoofdstuk 4 is met behulp 
van kunstmatige intelligentie onderzocht welke frequentiecomponenten van 
het ioECoG bijdragen aan het onderscheiden van epileptisch en niet-epileptisch 
weefsel. Hierbij vonden we dat bepaalde veranderingen in het achtergrondsignaal, 
die niet direct met het blote oog zichtbaar zijn, toch informatief kunnen zijn. Waar 
we in Hoofdstuk 2 en Hoofdstuk 4 gebruik maakten van ioECoG wat gemeten 
was voorafgaand aan het verwijderen van het epileptisch weefsel en enkel van 
patiënten die aanvalsvrij zijn, gebruiken we in Hoofdstuk 3 zowel het ioECoG 
gemeten voorafgaand aan als na het verwijderen van het epileptisch weefsel. 
Deze patiëntenpopulatie bevat zowel aanvalsvrije patiënten als patiënten die na 
de operatie nog aanvallen hebben. 

In Hoofdstuk 5 bekeken we of de manier waarop ioECoG-signalen worden 
weergegeven invloed heeft op het herkennen van interictale pieken en HFOS. 
We vergeleken verschillende weergaven van hetzelfde ioECoG-signaal en keken 
hoe goed de verschillende biomarkers zichtbaar waren. Hierbij vonden we dat 
de keuze van montage een grote invloed heeft op wat wel en niet wordt gezien, 
en dat sommige montages geschikter zijn dan andere voor het herkennen van 
speci¿eke biomarkers. Dit benadrukt dat de interpretatie van ioECoG niet alleen 
afhangt van het signaal zelf, maar ook van hoe het wordt gepresenteerd.

In Hoofdstuk 6 bestudeerden we de relatie tussen de locatie van de afwijking op 
MRI beelden met de locatie van ioECoG-biomarkers. Hierbij  vonden we dat deze 
relatie verschilt per onderliggende hersenaandoening. Dit benadrukt het belang 
van een gepersonaliseerde interpretatie van ioECoG. In Hoofdstuk 7 beschrijven 
we de klinische implementatie van hoge resolutie grids om ioECoG metingen te 
doen. Deze grids bevatten vier keer zoveel elektroden als de traditionele grids 
(lage resolutie). Door gebruik te maken van deze grids worden er meer biomarkers 
gemeten, in het bijzonder de fast ripples, en kunnen spreidingspatronen van 
interictale pieken gedetailleerd in kaart worden gebracht. 

De resultaten van dit proefschrift laten zien dat ioECoG waardevolle informatie 
kan bieden tijdens epilepsiechirurgie, maar dat geen enkele biomarker of methode 
op zichzelf voldoende is om epileptisch weefsel eenduidig te identi¿ceren. Zowel 
interictale pieken, HFOs als meer subtiele signaalkarakteristieken verschillen in 
betekenis tussen patiënten en onderliggende hersenaandoeningen. Daarnaast 
wordt de interpretatie van ioECoG beïnvloed door technische keuzes, zoals de 
manier van meten en weergeven, en door praktische factoren in de operatiekamer. 
Door geavanceerde signaalanalyse te combineren met klinische expertise en door 
nieuwe meetmethoden, zoals hoge resolutie grids, zorgvuldig te implementeren, 
kan ioECoG zich ontwikkelen tot een meer objectief en reproduceerbaar 
hulpmiddel. Deze ontwikkelingen bieden perspectief op een verdere verbetering 
van epilepsiechirurgie, met als uiteindelijk doel een grotere kans op aanvalsvrijheid.
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Daar is ie dan: het laatste, maar waarschijnlijk meest gelezen, hoofdstuk van 
dit proefschrift. Een proefschrift schrijven doe je (gelukkig) niet alleen. Ik wil 
iedereen bedanken die, op wat voor manier dan ook, heeft bijgedragen aan het 
tot stand komen van dit proefschrift. 

Ten eerste wil ik alle patiënten bedanken die meewerken aan wetenschappelijk 
onderzoek en toestemming hebben gegeven om hun gegevens te gebruiken. 

Beste prof. dr. Zijlmans, lieve Maeike, dank voor je eindeloze enthousiasme voor 
bestaande en nieuwe onderzoeksideeën. Jij bent een enorme inspiratiebron als 
het gaat om zowel het bedenken van nieuwe projecten, het uitwerken van ideeën 
en omzetten naar concrete plannen, het altijd blijven zoeken naar de Schaft-
biomarker en het opzetten van het hele EpiLab inclusief alle samenwerkingen 
daaromheen. Dank dat ik me bij jullie mocht aansluiten en onderdeel mocht zijn 
van de groei van een kleine club naar het lab zoals het er nu staat. Ook wil 
ik je bedanken voor het altijd steunen en dat je achter me bleef staan bij de 
uitbreiding van mijn klinische werkzaamheden en de logistieke uitdagingen die 
daarbij kwamen kijken. 

Beste prof. dr. Ramsey, lieve Nick, jij stond iets verder van mijn onderzoeken 
af, maar dat betekende niet dat ik niet altijd bij je terecht kon. Jouw deur stond 
altijd open. In onze meetings kwamen jouw helicopterview en kritische blik altijd 
tot uiting. Ik bewonder je vermogen om te zien hoe een artikel beter leesbaar 
kan worden, jouw feedback op mijn conceptversies was altijd zeer constructief. 
Dankjewel voor het af en toe op de rem trappen en mij in te laten zien dat een 
artikel al ruim voldoende is. 

Beste dr. van ’t Klooster, lieve Maryse, dank voor je steun en begeleiding in de 
afgelopen jaren. Jij hebt mij vanaf het begin uitgedaagd om kritisch te blijven, de 
moeilijke dingen niet uit de weg te gaan en mijn eigen keuzes te maken. Dat ging 
niet altijd meteen goed, maar jij bleef mij steunen en helpen tot het wel lukte. 
Door jouw inzet en open deur heb ik mij kunnen ontwikkelen tot een zelfstandig 
onderzoeker en weet ik wat het allerbelangrijkste is: always check your data! In 
de loop van de jaren zijn we steeds meer collega’s geworden in plaats van leerling 
en begeleider en de gesprekken en discussies die we nu kunnen hebben, vind ik 
enorm waardevol.

Ik wil de leden van de beoordelingscommissie, prof. dr. Dennis Klomp,  
prof. dr. Pierre Robe, prof. dr. Kees Braun, prof. dr. Arjan Hillebrand en  
dr. Else Tolner, bedanken voor het kritisch lezen en beoordelen van mijn 
proefschrift.

I would like to thank all co-authors for their collaboration on all the various 
projects and for their inspiring new ideas. Ook wil ik alle studenten, die ik heb 
mogen begeleiden, bedanken voor hun inspiratie en inzet. 

Lieve collega’s van de KNF, zonder jullie hulp was dit proefschrift er niet geweest. 
Velen van jullie hebben geholpen door het uitvoeren en zorgvuldig vastleggen  van 
corticogra¿e metingen, het meedenken en opzetten van nieuwe ideeën, maar ook 
voor heel veel gezelligheid. Ik heb me altijd thuis gevoeld bij jullie. Sandra en 
Nizare, geen KNF-afdeling zonder jullie keiharde werk en inzet. Ik bewonder hoe 
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jullie je samen bewegen in het ingewikkelde politieke veld en tegelijkertijd je altijd 
hard maken voor ‘jullie’ mensen. Sandra, ik heb genoten van onze OKs samen, 
de gezelligheid, de verbouw/nieuwbouw-struggles, en het delen van de verhalen 
van thuis. Nizare, we hebben veel te veel tijd besteed aan het correct invoeren of 
(keer op keer) aanpassen van mijn uren, maar dit zorgde wel voor een bijzondere 
band. Jij stond altijd voor me klaar en hebt je altijd hard gemaakt voor mijn plek 
in Utrecht, dankjewel daarvoor! Frans, jij hebt een enorm grote kennis van de 
neurologie en ik heb je altijd bewonderd hoe je dit in alle rust aan iedereen kan 
overbrengen. Dank voor je vertrouwen in mij in de kliniek en de gezelligheid op de 
OK (met af en toe een lege batterij van je fototoestel ;)). Cyrille, jij weet muziek, 
koken en de neurologie met elkaar te verbinden alsof het de normaalste zaak van 
de wereld is. Ik heb genoten van al onze gesprekken over eten, jouw kookvideo’s 
en de proeverijen van de probeersels! Ella, wij konden bij elkaar de mooiste 
mode-trends (blauwe OK pakken) showen. Dank voor je warmte en gezelligheid! 
Nicole, jij bent een TGer in hart en nieren en de drijvende kracht achter innovatie 
op de KNF. Geertjan, jouw technische kennis gaat veel verder dan EEG. Jouw 
visie geeft altijd een interessant perspectief hoe je ook naar data kan kijken. 
Nicole en Geertjan, bij jullie kon ik altijd terecht voor een goede discussie over 
metingen, artefacten en resultaten. Dank voor al jullie kennis en gezelligheid! 
Tineke, Meryem, Bert, Barbara, Raquelle en alle andere KNF laboranten, 
zonder jullie zouden er geen corticogra¿e metingen zitten in de database. Dank 
ook voor de hulp bij het opzetten en uitdenken en uitvoeren van de high-density 
studie en natuurlijk de gezelligheid! Janine en Miranda, jullie lopen hard voor 
elke patiënt. Ik wil jullie bedanken voor het informeren en includeren van al deze 
patiënten voor de RESPect database. 

Graag wil ik de neurochirurgen, Peter, Pieter en Friso, bedanken voor alle hulp 
bij het onderzoek, jullie geduld bij nieuwe of extra metingen, maar ook zeker voor 
alle gezelligheid op de OK.

Veel dank aan de BCI-onderzoeksgroep. We konden altijd bij elkaar terecht 
voor het delen van kennis, het uitwisselen van materialen en handjes op de OK.

Lieve EpiLab collega’s, ik had nooit kunnen bedenken dat we nu met zo’n grote 
groep zouden zijn. Dat is alleen mogelijk door de inzet en het enthousiasme van 
ieder van jullie. Allereerst the founders of the RESPect database, Matteo, Dorien 
en Willemiek, jullie hadden een visie op onderzoek en hebben deze helemaal 
uitgewerkt. Daar pro¿teert iedereen binnen EpiLab nu van. Wat jullie in gang 
hebben gezet, zorgt voor een enorm waardevolle database, waardoor iedereen met 
een enorme boost aan zijn of haar project kan beginnen. Matteo, your inÀuence 
as computer scientist is still present. Instead of logical names for annotations, we 
still use xxx; and yyy; to annotate artefacts ;). Dorien, jouw goed georganiseerde 
manier van scripten heeft mij geïnspireerd en jouw stijl herken je nu ook terug 
in mijn scripts. Jij bent een geboren onderzoeker en ik hoop dat er een moment 
komt waarop je dit weer kan laten zien. Willemiek, jouw werk aan HFO detectors, 
connectiviteitsmaten en functionele netwerken is indrukwekkend. Dank voor het 
sparren over ideeën, methodes en resultaten. Ik ben benieuwd of onze systematic 
review er ooit nog eens komt! Lotte, jouw gezelligheid was vanzelfsprekend als ik 
in het WKZ was. Dank voor de vele borrels en de goede gesprekken. Ik bewonder 
je doorzettingsvermogen: ook als het niet lukt via plan A of B, ga jij gewoon door 
met C. En nu zit je helemaal op je plek in de opleiding tot neuroloog, echt heel tof 
om te zien! Sem, je kwam binnen als M2’er, en door corona hebben we elkaar in 
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die tijd nooit fysiek gezien. Bij jouw start als M3 voelde ik meteen een klik, en die 
is nooit meer weggegaan. Ik heb je zien groeien van een broekie-student naar een 
ervaren onderzoeker, iets wat ik met veel plezier heb mogen volgen. Inmiddels 
zijn we vrienden geworden en kunnen we overal over praten. Ik ga onze koϒetjes 
missen! Susanne en Irene, de stimulatie-koninginnen van het EpiLab! Dank voor 
jullie gezelligheid en warmte, het was altijd ¿jn om bij jullie binnen te stappen. 
Jullie zijn niet alleen ontzettend kundig, maar ook ondernemend, altijd in voor 
nieuwe ideeën en plannen. 
亲爱的 Ziyi 和 JiaoJiao，感谢你们在那些无穷无尽的 spike 和 HFO 标注工作中的巨大投
入。你们似乎从未感到疲倦, 永远斗志激昂。随着时间的推移，你们掌握了令人印象深刻的技
术能力，并真正成长为优秀的研究人员。除此之外，你们也让我们对中国文化和美食有了美
好的了解（我不会忘记月饼！）。 而从我们的角度来说，我们也把你们“培养”成了真正的中
荷混合体 （Chinese-Dutchies）。我真心希望未来我们还能再次相遇。祝愿你们在美国，
或世界上任何地方的发展道路上一切顺利，前程似锦。
Lieve allemaal, gelukkig hebben we de reünietjes nog!

Lieve Tessa, soms hadden we veel contact en dan weer een hele tijd niet, maar 
als we elkaar spraken was het altijd gezellig en inspirerend. Ik denk met veel 
plezier terug aan de brainstormsessie bij jou thuis en de ¿jne gesprekken die we 
daar hebben gehad. Wij gaan nog wel eens samenwerken in de toekomst! 

Lieve nieuwe collega’s in het LUMC, dank voor het warme bad waar ik in 
terecht ben gekomen. Ik kijk uit naar onze verdere samenwerking in de toekomst! 

Lief bestuur, Tom, Inge, Max, Patrick en Fokke, door het jaar heen zien we 
elkaar niet veel, maar ons jaarlijkse weekend weg is altijd geslaagd! Het is mooi 
om te zien hoe wij ons als groep hebben ontwikkeld en hoe een ieder zijn of haar 
eigen pad heeft gevolgd. Op naar de volgende 15 jaar! 

Lieve Judith, Machteld, Mathijs, we hebben elkaar leren kennen in Enschede, 
maar ik ben heel blij dat onze vriendschap er nog steeds is! Judith, van 
samenwonen in een huis naar nu allebei mama, bijzonder om die fases samen 
mee te maken. Ondanks dat we niet bij elkaar om de hoek wonen, sta jij altijd 
voor mij klaar. Of het nu is om met de kids af te spreken of samen een biertje 
drinken in de kroeg, met jou is het altijd goed. Machteld, ik ben heel blij dat we 
elkaar weer hebben gevonden. Onze gesprekken zijn altijd waardevol en ik kan 
echt overal met je over praten. Mathijs, op heel veel manieren hebben we korte 
linkjes met elkaar, heel leuk! Van vrienden vanuit Enschede, meekijken met elkaar 
op werk, tot samenwerken aan NVvTG projecten. Maar ook privé weten we elkaar 
altijd weer te vinden, in goede maar zeker ook in mindere tijden. 

Lieve vrienden van Vic, die voor mij ook heel belangrijk zijn geworden. Danny en 
Jelma, Rutger en Vivian, Niels en Hannah, Stijn en Julia, er zijn een hoop 
overeenkomsten in onze vriendschappen: lekker eten, goede gesprekken, veel 
spelletjes, weekendjes weg en bovenal een heleboel gezelligheid! Dankjewel dat 
jullie altijd voor ons klaar staan.

Lieve Willemijn, Lisanne en Marian, al vriendinnetjes vanaf de middelbare 
school en nu hebben we alle vier kids en wonen we ook nog steeds dicht bij 
elkaar. Jullie zijn lief, grappig, eigenwijs en we kunnen heerlijk lange gesprekken 
met elkaar hebben. Ik vind het ¿jn dat ik altijd op jullie kan rekenen. Willemijn, 
bij biologie bij meneer Moerman klikte het meteen. Jij en ik waren ‘meant to be’. 
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