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Abstract
Objective: To investigate whether local lesions created by stereo-
electroencephalography (SEEG)–guided radiofrequency thermocoagulation 
(RFTC) affect distant brain connectivity and excitability in patients with focal, 
drug-resistant epilepsy (DRE).
Methods: Ten patients with focal DRE underwent SEEG implantation and 
subsequently 1 Hz bipolar repetitive electrical stimulation (RES) for 30 s before 
and after RFTC. Root mean square (RMS) of cortico-cortical evoked potentials 
(CCEPs) was calculated for 15 ms to 300 ms post-stimulation with baseline 
correction. Contact pairs were categorized as both coagulated, hybrid, or both non-
coagulated. The data were divided into nine categories based on the stimulating 
and recording contact pair combinations. RMS of CCEPs was compared before 
and after (<12 h) RFTC using a two-sample t test (Hochberg corrected, p < 0.05) 
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1   |   INTRODUCTION

Epilepsy affects ~1% of the population worldwide.1 
Although medication can effectively control the condition 
for the majority of patients, 30%–40% of adults experience 
drug-resistant epilepsy (DRE).2,3 For patients with focal 
epilepsy, surgery is an evidence-based, potential curative 
treatment. Before surgery, identification of the highly 
probable epileptogenic zone (EZ) is crucial.

When non-invasive investigations provide insuf-
ficient information regarding the EZ localization, a 
stereo-electroencephalography (SEEG) evaluation may 
be suggested. This procedure involves the implantation 
of multiple intracerebral electrodes, each comprising 
several contacts. In select patients, SEEG may be trans-
formed into a therapeutic procedure by employing radiof-
requency thermocoagulation (RFTC) to induce lesions 
within the EZ.4–6

This procedure's advantage lies in the use of depth elec-
trodes, which are already employed to identify the seizure-
onset zone (SOZ). Therapeutic RFTC is also employed for 
areas that are difficult to reach with open surgery, thereby 
minimizing invasiveness and risk for patients.6,7 However, 
RFTC shows a moderate efficacy with a 23% seizure-
freedom rate and a 58% responder rate at 1 year,8 under-
scoring the need for further research. Previous studies 
have shown that etiology impacts RFTC efficacy and that 
periventricular nodular heterotopia appears to respond 
best to RFTC.7,9

It is increasingly agreed upon that focal epilepsy should 
be regarded and treated also from a network perspective. 

Instead of analyzing local neural activity only, focus should 
also be directed toward brain connectivity and the detec-
tion of important nodes within networks.10–12 Previous 
studies have emphasized the importance of insights into 
patient-specific key network nodes to establish an ade-
quate therapeutic strategy.13 Disruption of these critical 
nodes might improve epilepsy treatment. Yet, although 
the field of scientific interest has now widened somewhat, 
target selection for RFTC is still commonly based on local 
features of brain activity on depth electrodes only.

for each patient. Boost score, indicating power increase during seizures before 
RFTC relative to baseline, was analyzed in 4 s windows with 1 s overlap during 
seizure duration.
Results: RFTC altered connectivity across all categories. Of interest, decreases 
and increases in RMS were observed in connections between non-coagulated 
contacts distant from coagulation site (range: 1.09–85 mm, median = 17.7 mm, 
interquartile range [IQR] 10.1–32.3). Contact pairs involved in significantly 
altered non-coagulated connections showed a higher boost score correlation in 
the theta, beta, and gamma bands, as well as a stronger maximum correlation 
with coagulated sites in the delta band than contacts for which connectivity did 
not change after RFTC.
Significance: This study highlights how local lesions alter distant brain 
connectivity, providing insights for future research on epilepsy network changes 
and seizure outcomes following RFTC.

K E Y W O R D S

effective connectivity, excitability, RFTC, SEEG

Key points

•	 Radiofrequency thermocoagulation (RFTC) af-
fects brain connectivity.

•	 Focal RFTC affects interactions between non-
coagulated brain sites.

•	 The ratio of changed connections seems to be 
unaffected by the proximity to the coagulated 
contacts.

•	 Contact pairs involved in significantly altered 
connections exhibited similar power increase 
patterns during seizures in the theta, beta, and 
gamma frequency bands.

•	 Stimulation or recording contact pairs 
involved in significantly altered connections 
showed higher correlation in boost score with 
coagulated site in the delta band.

 15281167, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/epi.18270 by T

u D
elft, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  3GULA et al.

SEEG also provides a unique opportunity to better 
understand brain networks by investigating effective 
connectivity and excitability. This procedure involves 
stimulating (repetitive electrical stimulation [RES]) and 
recording responses in distant contacts (cortico-cortical 
evoked potentials [CCEPs]).14–16 CCEP comprises two 
components: early and late.17–19 The former is believed 
to reflect direct structural connectivity, as its amplitude 
correlates with the number of connected white matter 
fibers.20,21 The late component can be recorded in more 
remote sites; thus it is associated with effective connec-
tivity via a local cortico-cortical or a cortico-subcortico-
cortical reverberating circuit.16,20 Cortical excitability 
and epileptogenicity were shown to be correlated with 
the size of the early evoked potentials and its high-
frequency activity counterpart at different phases.16,22–25 
Both CCEP amplitude and associated high-frequency 
oscillations have been used successfully to identify SOZ 
as one of the approximations of the EZ. A previous study 
demonstrated CCEP connectivity between the SOZ and 
remote epileptic network nodes, as determined by sub-
traction ictal minus interictal single-photon emission 
computed tomography (SPECT) coregistered to mag-
netic resonance imaging (MRI) (SISCOM), supporting 
the network concept.26

The epileptogenic network can also be studied by ana-
lyzing changes in the spectral properties of brain activity 
during seizures. The epileptogenicity index (EI) measures 
epileptogenicity of the brain structures based on spatio-
temporal properties of fast oscillations recorded with 
depth electrodes.27,28 High-oscillation power and coher-
ence were identified as signal features reflecting epilepto-
genicity, generalizing both within patients across interictal 
and ictal states, and between different patients.28 A previ-
ous study showed that some spectral changes during sei-
zure relative to baseline activity are positively correlated 
with SISCOM perfusion z-scores.29 During seizures, areas 
of hyperperfusion show a higher increase in power in the 
beta to ripple frequency bands when compared to areas of 
ictal hypoperfusion.

The broader impact of RFTC on distant large-scale 
brain networks is getting more and more attention; how-
ever, it is still largely unexplored. Recent studies have 
shown the effect of the RFTC on interictal biomark-
ers.30–35 This study aims to determine the effect of local 
RFTC on brain connectivity in patients with DRE, focus-
ing on distant regions not directly involved in the RFTC 
procedure. Because epilepsy is regarded a network dis-
ease, we expect that coagulation of one of the network 
nodes should lead to alteration in connections between 
other, non-coagulated nodes. A distinctive advantage of 
SEEG-guided RFTC is its ability to apply CCEP analysis 

at exactly the same location with the same stimulation pa-
rameters before and immediately after the procedure. We 
compared effective connectivity before and immediately 
(<12 h) after the RFTC for each contact and patient. To our 
knowledge, this is the first study applying and comparing 
CCEPs before and after RFTC. As our primary focus was 
the impact of the RFTC on distant brain network connec-
tivity, we then assessed stimulation-recording combina-
tions where both contacts pairs were not coagulated (N–N 
connections). To address situations in which neither the 
stimulation nor recording contacts were coagulated, but 
could be within the lesional range (3–8 mm in diameter4,5) 
produced by the coagulation of another nearby contact, 
we studied the ratio of changed connections relative to 
their distance from the nearest coagulated contact. We 
examined whether the non-coagulated contacts with con-
nectivity affected by RFTC act similarly during pre-RFTC 
seizures in terms of changes in power spectrum with re-
spect to baseline activity.

2   |   METHODS

2.1  |  Inclusion criteria

Ten consecutive patients with drug-resistant focal 
epilepsy were retrospectively examined from the SEEG 
cohort collected between 2017 and 2020. Inclusion criteria 
required patients to be adult (≥18 years old), and to have 
undergone RFTC and pre- and post-RFTC stimulation 
sessions. These patients were admitted to the Academic 
Center for Epileptology Kempenhaeghe/Maastricht 
University Medical Center, location Heeze (ACE) as part 
of their pre-surgical workup.

2.2  |  Study design

All measurements were part of a standard RFTC 
procedure at ACE.9 Patients underwent implantation 
of intracerebral depth electrodes and long-term video-
SEEG registration (~2 weeks). During this time, 
spontaneous and/or stimulated seizures and resting 
state baseline activity were recorded, after which 
sessions of stimulation were started. After target 
selection, RFTC was performed, followed by post-
coagulation stimulations. Electrodes were explanted 
within 24 h after the RFTC procedure. Study workflow 
is shown in Figure 1A. The study protocol was reviewed 
and approved by the local independent medical 
ethical committee and the institutional review board 
(ACE_2021_01A).
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4  |      GULA et al.

2.3  |  SEEG implantation

Patients were implanted stereotactically (Leksell-frame, 
Elekta Solutions AB, Stockholm, Sweden) with platinum 
intracerebral depth electrodes (DIXI Medical, Besancon, 
France) at ACE. The implantation procedure followed 
a standard protocol, guided by the results of presurgical 
non-invasive examinations. The electrode diameter was 
0.8 mm, with a contact length of 2 mm and a contact 
interspace of 1.5 mm. Electrodes were visualized post-
implantation with structural MRI and/or computed 
tomography (CT). Data registration was performed using 
an audio-video-EEG monitoring system (Micromed, 
Micromed SpA, Mogliano Veneto, Italy) with a minimum 
sampling rate of 1024 Hz.

2.4  |  SEEG stimulation

Stimulation was based on the institutional protocol and 
performed at 1 Hz with a pulse width of 1025 μs and dura-
tion of 30 s, ramping up the current from 1 mA in three 
varying steps initially up to a maximum of 10 mA, more 
recently up to a maximum of 7 mA. On each single elec-
trode, only contiguous contact points were stimulated in 
order to localize eloquent areas to be spared during RFTC 
and reproduce (parts of) habitual seizures, respectively. 

Each 1 Hz stimulation session consisted of 30 repeated 
stimulations for a given amplitude and contact pair for 
each patient (pre-RFTC signal). During stimulation, pa-
tients were awake with eyes open. Stimulations were 
performed outside the period of antiseizure medication 
(ASM) withdrawal. Stimulation amplitude was not in-
creased if clinical signs were evoked or if the stimulation 
was perceived as painful. Moreover, the clinical neurolo-
gist could omit stimulation if deemed irrelevant to the di-
agnostic investigation or repeat stimulation with the same 
amplitude to confirm observations. Immediately after the 
RFTC procedure, stimulations with the highest amplitude 
were repeated (<12 h).

2.5  |  RFTC treatment

Target selection for RFTC was based on a combination 
of ictal and interictal SEEG, stimulation data, and non-
invasive pre-implantation imaging. After obtaining pa-
tient informed consent, RFTC was performed without 
anesthesia, using a radiofrequency generator system 
(RFG-1B Radiofrequency Generator, COSMAN Medical, 
Burlington, MA, USA) set to an output of 50 V for 30 s 
between two contiguous electrode contact points. The 
coagulation site is expected to reach a temperature 
of 70–80°C and forms an ovoid lesion of 3–8 mm in 

F I G U R E  1   (A) Study workflow. 
(B) Distance calculation.
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      |  5GULA et al.

diameter.4,5 Based on the presence of residual interictal 
epileptiform discharges (IEDs) at the lesioned site fol-
lowing the first RFTC session, a second or third session 
of thermocoagulation was applied in selected patients 
after a new informed consent within 1–2 h after the 
first session. Electrodes were explanted at ACE, loca-
tion Maastricht University Medical Center (MUMC+), 
within 24 h after RFTC.

2.6  |  Data analysis: CCEPs

Effective connectivity was assessed using CCEPs before 
and after RFTC. A bipolar montage was applied. Contact 
pairs were classified into three categories: both coagulated 
(C), hybrid (H; one coagulated, one non-coagulated), or 
both non-coagulated (N). The data set was then organized 
into nine categories based on combinations of stimulation 
and recording contact pairs (e.g., C–C, C–H, C–N, H–C, 
and so on).

Artifact detection was performed visually with 
BrainQuick software (Micromed SpA, Mogliano Veneto, 
Italy). Faulty contacts were excluded from the subsequent 
analysis. In case of duplicated stimulations during a stim-
ulation session (e.g., before or after RFTC), the final was 
analyzed.

Signal analysis was performed using Matlab 
(MathWorks Inc., Natick, Massachusetts, USA). Root 
mean square (RMS) of the signal following 1 Hz stimu-
lation was computed within the 15–300 ms interval post-
stimulation to avoid stimulation artifact. The pre-stimulus 
period from −200 to −15 ms relative to stimulation was 
used for baseline correction. A signal was classified as 
CCEP if it exhibited significant deviation from the pre-
stimulus baseline before and/or after RFTC (RMS signifi-
cantly higher than pre-stimulus period, t test, p < 0.05).

RFTC could influence not only connectivity, but also 
baseline SEEG activity.32 Consequently, differences in 
reported CCEPs may arise due to alterations in baseline 
activity rather than changes in connectivity. To mitigate 
the impact of changes in baseline activity following RFTC, 
the amplitude of post-RFTC signal was normalized with 
respect to the amplitude of pre-RFTC signal using the fol-
lowing equations1,2:

where �post—standard deviation (SD) of post-RFTC sig-
nal, �pre—SD of pre-RFTC signal, spost_corr—corrected 

post-RFTC signal, spost—post-RFTC signal, and spost—mean 
post-RFTC signal after stimulation.

2.7  |  Data analysis: Distances from 
coagulation site

We were interested if the observed connectivity changes 
following RFTC depend on the distance to coagulated site. 
For connections between non-coagulated contact pairs 
(N–N connections), the ratio of significantly changed 
CCEPs relative to their proximity to the nearest coagulation 
site was analyzed. The actual positions of electrodes 
were obtained from post-implantation CT or MRI. The 
Euclidean distance was calculated from the midpoint 
between neighboring contacts in a bipolar montage to 
the closest coagulated contact for both stimulation and 
recording. The smaller of the two values was selected 
as the distance for a specific stimulation-recording 
pair. The distance calculation method is illustrated in 
Figure  1B. We then examined the impact of proximity 
to the nearest coagulation site. Observing a greater total 
number of CCEPs near the coagulation site, we analyzed 
the percentage of significantly altered CCEPs in relation 
to the overall number of CCEPs. We also compared the 
number of increased and decreased RMS with regard to 
the distance to the closest coagulation site.

Average Euclidean distance between stimulation and 
recording site for both significantly changed and non-
changed N–N connections per subject was calculated. 
Similarly, average distance to the closest RFTC was com-
pared between significantly changed and non-changed 
N–N connections.

2.8  |  Data analysis: Correlation of 
boost score

We aimed to determine whether contacts involved in 
altered connections exhibit similar patterns of activity 
during seizures. To investigate this, we analyzed the 
correlation of boost scores between contacts. Detailed 
methodology of boost score is described in a previous 
study.29 Boost and suppression scores quantify the 
increase and decrease in the power spectrum within a 
specific frequency band relative to the baseline. A positive 
boost score indicates an increase in power, whereas a 
positive suppression score indicates a decrease in power 
within the frequency band during a seizure relative to the 
baseline.

Nine patients had spontaneous seizure recordings. 
Spectral decomposition was performed using 4 s window 
with 1 sec overlap for the whole spontaneous seizure and 

(1)�rel =
�post

�pre

(2)spost_corr =
spost

�rel

+

(

�rel − 1
)

∙

spost

�rel
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baseline (2 min) recordings. The average power spectral 
density was thus estimated in seven frequency bands: 
delta (0.1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–
30 Hz), gamma (30–49 Hz), high gamma (51–100 Hz), and 
ripple band (100–150 Hz) for each signal. For each time 
point, scores are calculated as the integral of the differ-
ence between power during seizure and baseline, normal-
ized with respect to seizure duration.

Before analyzing the boost correlation, we accounted 
for the fact that patients experienced multiple seizures, 
which could vary in duration and spread. We clustered 
the seizures based on correlations of boost and suppres-
sion scores between seizures for each patient. Because the 
number of potential seizure clusters is not known, we used 
Louvain community detection algorithm implemented in 
Brain Connectivity Toolbox,36 which determines the best 
non-overlapping division of network nodes to maximize 
within-group edges while minimizing between-group 
edges. In subsequent analyses, the seizure clusters in-
volving the highest number of contacts were selected for 
each patient. The largest cluster was analyzed to identify 
contacts potentially involved in seizure propagation, with 
involvement defined by a non-zero boost score.

After seizure cluster selection, the boost score was 
averaged across seizures within selected cluster for each 
contact. Finally, correlation of the boost scores time series 
between contacts for each N–N pair and maximal correla-
tion between either stimulation or recording and coagu-
lated contacts were calculated.

2.9  |  Statistical analysis

The RMS of the CCEPs following each stimulation within a 
stimulation session were compared before and after RFTC 
for stimulation with the same amplitude (two-sample t 
test, Hochberg correction, p < 0.05) for each contact pair 
and participant. For each participant, the percentage of 
significantly changed CCEP following RFTC, relative 
to all CCEPs, was calculated. The average percentage 
of significantly different RMS within each category was 
then computed across all participants. Subsequently, for 
significantly altered connections, the average percentage 
of decreased RMS was computed per category.

The increased and decreased RMS values were com-
pared across each 5 mm distance interval from the nearest 
coagulation site using a paired t test.

Correlation coefficients of boost score were averaged 
within significantly changed and non-changed N–N con-
nection groups within subject, Fisher z-transformed, and 
compared with paired t tests.

We additionally analyzed resting-state connectivity 
(see Data  S1) using the full-frequency Directed Transfer 

Function (ffDTF). To compare the overlap between sig-
nificantly changed CCEPs and ffDTF values, we calcu-
lated the Dice score.

2.10  |  CCEP reproducibility

To ensure that the observed changes in connectivity were 
induced by the RFTC, we analyzed CCEP reproducibility. 
Three ACE patients, who were not part of the main analy-
sis, received pairs of identical stimulations during their 
pre-RFTC registration. The subsequent analysis followed 
the same steps described in Sections 2.6 and 2.9.

3   |   RESULTS

3.1  |  Study population

Ten patients (six female; average age ± SD, 33.2 ± 13.8 years) 
were included in the study, with on average 19.7 (SD = 9.3) 
years of epilepsy. Two patients were non-lesional (MRI-
negative), one had a post-traumatic cyst, six had periven-
tricular nodular heterotopia (including one patient with 
also malformation of cortical development and one with 
hippocampal sclerosis), and one patient had malforma-
tion of cortical development only. (See Table 1).

3.2  |  Stimulation

On average, 9 electrodes (range 4–16, SD = 4) were im-
planted per patient, with an average of 113 contacts (range 
54–191, SD = 5). Prior to RFTC, each patient underwent 
an average of 109 1 Hz stimulation sessions (range 38–
195, SD = 61), with a mean amplitude of 5 mA (SD = 2). 
Following RFTC, there were an average of 38 stimula-
tions (range 11–87, SD = 24), with a mean amplitude of 
7 mA (SD = 2). After detecting artifacts and removing re-
peated stimulations within the same session, per patient 
an average of 31 stimulations (range 8–54, SD = 17) were 
analyzed with a mean amplitude of 7 mA (SD = 2). On av-
erage, 2933 connections (range 552–5670, SD = 2088) were 
analyzed, of which 2351 (80%, range 218–4770, SD = 1709) 
were identified as CCEPs. On average, 11 contacts (range 
3–33, SD = 10) were coagulated.

3.3  |  CCEP changes following RFTC

Our study revealed changes in connectivity following RFTC 
across all categories of contact pairs, as shown in Table 2A. 
The mean ratio of significantly altered connections 
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exhibited a decreasing trend from coagulated to hybrid to 
non-coagulated contacts, spanning from 73.6% to 22.2%. 
The mean ratio of altered connections in all categories 
was higher than the variability of CCEPs observed in pre-
RFTC data in reproducibility analysis (3.7). The majority 
of connections involving coagulated or hybrid contacts 
demonstrated a reduction in RMS values after the RFTC. 

Conversely, connections between non-coagulated con-
tacts showed a similar number of increased and decreased 
RMS values. The majority of coagulated—non-coagulated 
connections decreased following RFTC, whereas reverse 
connections (non-coagulated—coagulated) increased 
(Table 2B). The exemplary CCEP responses are shown in 
Figure 2. The overview of all results is presented in Table 3.

F I G U R E  2   Exemplary CCEP 
responses before (blue) and after (red) 
RFTC for Coagulated—Coagulated 
connections (A), Coagulated—Non-
Coagulated connections (B), Non-
Coagulated—Coagulated (C), and 
Non-Coagulated—Non-Coagulated 
connections (D–F). Decreased (A–D), 
increased (E), and non-changed (F) 
responses were observed following RFTC. 
Abbreviations: CCEP, cortico-cortical 
evoked potentials; RFTC, radiofrequency 
thermocoagulation.

T A B L E  2   Percentage of (A) significantly changed CCEPs following RFTC and (B) decreased CCEPs after RFTC relative to significantly 
changed CCEPs.

(A)

Stimulation: Recording: Coagulated Hybrid Non-coagulated

Coagulated 69.1 ± 33.2 45.1 ± 35.7 28.9 ± 15.8

Hybrid 73.6 ± 18.8 43.2 ± 36.9 37.6 ± 30

Non-coagulated 26.8 ± 16.8 23.4 ± 17.9 22.2 ± 14.3

(B)

Stimulation: Recording: Coagulated Hybrid Non-coagulated

Coagulated 91.3 ± 14.4 85.1 ± 37.5 43.7 ± 29

Hybrid 98.2 ± 4.3 88.2 ± 18.7 36 ± 35.2

Non-coagulated 72 ± 28.6 70.3 ± 30.1 44.6 ± 20.8

Data are mean ± SD.
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We observed widespread changes in resting-state con-
nectivity (see Table S1); however, clusters of significantly 
altered CCEP and ffDTF values did not completely overlap 
(see Table S2).

3.4  |  Distances from coagulation site

Although more significantly changed connections are 
observed close to coagulation (Figure  3A,B), the ratio of 
changed connections relative to the total number of con-
nections seems to remain stable (Figure 3C). The maximum 
number of significantly altered non-coagulated—non-
coagulated connections were observed 5–15 mm from the 
closest coagulation site. However, we observed significant 
changes in connections among non-coagulated contacts, 
even at considerable distances from induced lesions (range: 
1.09–85 mm, median = 17.7 mm, interquartile range [IQR] 
10.1–32.3), well outside of the lesion size described in the lit-
erature (3–8 mm in diameter4,5). We did not observe a differ-
ence in average distance from the closest coagulated contact 
between contact pairs involved in significantly changed and 
non-changed connections. However, in these pairs, stimu-
lation and recording sites were significantly closer to each 

other than in non-changed connections. We did not observe 
significant differences between number of increased and de-
creased connections (Figure 3B).

3.5  |  Correlation of boost score between 
recording and stimulation site

Contact pairs involved in significantly changed connec-
tions following RFTC showed higher correlation than 
non-changed connections in their boost scores during 
seizure in theta, beta, and gamma bands (Figure 4A). In 
addition, we observed a trend toward significance in the 
alpha band (p = 0.06).

3.6  |  Correlation of boost score 
between recording or stimulation and 
coagulation site

Contact pairs involved in significantly changed connec-
tions following RFTC showed higher maximal correla-
tion between either stimulation or recording boost score 
and coagulation site in the delta band (Figure 4B).

T A B L E  3   Overview of results.

Range/significance Explanation

CCEP analysis

Changes in all contact categories 22.2–73.6 [%] Changes in connectivity/excitibility including contacts not directly 
affected by RFTC; indication of network changes following RFTC

Increased connections 36–91.3 [%] of changed 
connections

Abolition of an inhibitory influence of the coagulated brain site 
on stimulation and/or recording sites; sleep-like slow waves are 
described following RFTC in areas connected to the RFTC lesion 
which could increase CCEP size

Decreased connections 8.7–64 [%] of changed 
connections

For coagulated contacts: indication of successful RFTC. For other 
contacts: abolition of an excitatory influence of the coagulated 
brain site on stimulation and/or recording site; disruption of 
pathways between stimulation and recording sites by the lesion

Distance analysis Significantly changed connections observed outside lesion radius; 
indication of network changes following RFTC

Difference in number of increased and 
decreased connections in 5 mm distance 
interval

NS

NN changed vs NN non-changed 
connections

Distance to the closest coagulated site NS

Correlation of a boost score between 
recording and stimulation contact

Theta, beta, and gamma 
bands: p < 0.05, uncorr

Similar activity pattern during seizure suggesting involvement in 
the same network

Maximal correlation of a boost score 
between coagulated contact and either 
recording and stimulation contact

Delta band: p < 0.05, 
uncorr

Similar activity pattern during seizure suggesting involvement 
in the same network for coagulated and either recording or 
stimulating site

Abbreviations: CCEP, cortico-cortical evoked potentials;RFTC, radiofrequency thermocoagulation; NS, not significant (p > 0.05); uncorr, not corrected result.

 15281167, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/epi.18270 by T

u D
elft, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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3.7  |  CCEP reproducibility

The mean percentage of significantly different connec-
tions between identical stimulation sessions was 10.26% 
(8.41%–13.26%). The mean time between compared stim-
ulations was equal to 45 h (13 h–76 h).

4   |   DISCUSSION

Our findings show that RFTC affects brain connectivity 
in patients with DRE. Particularly, we observed CCEP 
changes between non-coagulated regions (N–N) after 
RFTC. Notably, connectivity changes after the procedure 
seem to be unaffected by the proximity to the coagulation 
site, as the ratio of significantly altered CCEPs relative to 
total number of CCEPs appears to remain stable across 
distances from the nearest coagulated site.

Recent studies have highlighted the effects of RFTC 
on interictal biomarkers.33–35 Previous studies have 
reported the suppression of interictal epileptiform 
discharges including non-coagulated sites30–32 and in-
creased ripple rates outside epileptogenic network30 
following RFTC. In line with these studies, our study 
shows altered connectivity between not only coagulated 

regions, but also between areas outside the predicted le-
sion (3 to 8 mm in diameter4,5).

Significant changes in CCEPs were observed in all cat-
egories of contact pairs. The observed modifications in 
CCEPs following RFTC at coagulated sites are expected 
confirmation of the procedure's influence on the coagu-
lated area's capacity to interact with its surroundings in 
terms of sending and/or receiving signals. However, re-
sults show that not all connections involving coagulated 
contacts changed following the RFTC, which might be 
an indication of unsuccessful coagulation, similar to the 
findings in a recent study.37 Another possible explanation 
could be the influence of volume conduction or the im-
pact of stimulating a brain volume larger than the lesion 
created by RFTC.

Both decreased and increased RMS following RFTC 
was observed. The majority of connections with co-
agulated stimulation contacts show decreased RMS 
(Table 2B). Contact pairs with non-coagulated stimulation 
contacts showed a more equal proportion of increased and 
decreased RMS. A possible explanation for the decrease 
in CCEP RMS is abolition of an excitatory influence of 
the coagulated brain site toward these sites or disruption 
of pathways between stimulation and recording sites by 
the lesion. An alternative explanation is the presence of 

F I G U R E  3   Significantly changed 
non-coagulated—non-coagulated 
connections relative to distance to the 
closest coagulated site. (A) Total number 
of significantly altered connections. 
(B) Number of increased and decreased 
connections. No significant differences 
were observed. (C) Percentage of 
significantly changed CCEPs outside 
coagulated contact pairs concerning 
distance from the closest coagulated site.
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edema surrounding the coagulated lesion when stimula-
tion or recording contacts are close to coagulated contact 
points. However, decreased RMS was observed in areas 
beyond those expected to be structurally altered.4,5

An increase in CCEP RMS may be due to RFTC affect-
ing an area that previously had an inhibitory influence on 
stimulation and/or recording sites. This effect may induce 
an increase in effective connectivity or excitability after 
treatment. Alternatively, sleep-like slow waves are de-
scribed following RFTC32 in areas connected to the RFTC 
lesion. Such “sleep” activity could increase CCEP size.22 
Regardless of the direction of connectivity change, these 
observations demonstrate that very focal changes in the 
brain can have far-reaching effects on distant connections, 
even on those not directly involved in the RFTC proce-
dure. This strongly supports a network-based approach to 
understanding epilepsy.

We found that the correlation of the boost score during 
seizure (across theta, beta, and gamma bands) between 
stimulation and recording contact pairs was higher in sig-
nificantly altered N–N connections compared to unchanged 
ones. This indicates that contacts involved in altered con-
nections following RFTC show similar spectral changes in 
these frequency bands during seizures relative to baseline, 
suggesting their involvement in the same network.

In addition, significantly altered N–N connections ex-
hibited a higher maximal correlation of the boost score 
with coagulated contacts in the delta band. This implies 
that at least one site in the stimulation-recording pair 
shares similar ictal spectral changes with one or more of 
the coagulated contacts.

4.1  |  Limitations

Despite the significance of our findings, several limita-
tions warrant consideration. The relatively sparse spa-
tial sampling of SEEG electrodes may have limited the 
detection of some significant connectivity changes, yet 
this constraint is inherent to the method itself. The num-
ber of electrodes cannot be increased freely because of 
added risks to patients. To mitigate this limitation, elec-
trode implantation was guided strategically by detailed 
non-invasive investigations, targeting regions suspected 
to be involved in the EZ for further exploration. Despite 
its sparse spatial resolution, SEEG-guided RFTC offers a 
unique advantage: it enables the examination of immedi-
ate changes following the procedure in precisely the same 
localizations as before. In addition, it allows the examina-
tion of more deeply located areas.

F I G U R E  4   Correlation coefficient 
of boost score between (A) recording and 
stimulation sites and (B) coagulation and 
either recording or stimulation sites in 
significantly altered (blue) and unchanged 
(red) N–N connections following RFTC. 
Asterisks mark significant (p < 0.05) 
differences between groups.
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Our study does not address the stability of con-
nectivity changes following RFTC, as electrodes were 
explanted within 24 h after the procedure for safety con-
cerns. Instead, we focused on the immediate effects of 
RFTC on connectivity. Although we were not able to 
study the stability of observed changes over time and 
we were limited by the spatial resolution of the method, 
we observed interesting changes in connectivity, dis-
tant from coagulated brain regions. We hypothesize 
that these connectivity changes might have predictive 
value for the success of epilepsy surgery. In our cur-
rent, limited sample, we cannot test this hypothesis in 
a robust way as it requires more study in a larger group 
of patients.

In conclusion, our study provides valuable in-
sights into the immediate connectivity and excitability 
changes in the brain following RFTC in patients with 
epilepsy, highlighting the broader network-level impact 
of focal interventions on neural dynamics. Future study 
will examine the relationship between observed con-
nectivity changes and the seizure outcome in a larger 
cohort. A robust analysis of the correlation between 
reported changes and clinical outcomes will enable 
the use of widespread network changes as a marker 
of successful RFTC. The post-RFTC network changes 
could then indicate the need for a stepwise increase in 
the target size of RFTC. In addition, as the Euclidean 
distance and actual distance through connecting fibers 
may differ, we plan to study the alteration of CCEPs 
together with non-invasive modalities like diffusion 
tensor imaging (DTI).
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SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
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