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Abstract

Objective: We aimed to assess the ability of semiautomated electric source im-
aging (ESI) from long-term video-electroencephalographic (EEG) monitoring
(LTM) to determine the epileptogenicity of temporopolar encephaloceles (TEs)
in patients with temporal lobe epilepsy.

Methods: We conducted a retrospective study involving 32 temporal lobe epi-
lepsy patients with TEs as potentially epileptogenic lesions in structural magnetic
resonance imaging scans. Findings were validated through invasive intracerebral
stereo-EEG in six of 32 patients and postsurgical outcome after tailored resection
of the TE in 17 of 32 patients. LTM (mean duration =6 days) was performed using
the 10/20 system with additional T1/T2 for all patients and sphenoidal electrodes
in 23 of 32 patients. Semiautomated detection and clustering of interictal epilep-
tiform discharges (IEDs) were carried out to create IED types. ESI was performed
on the averages of the two most frequent IED types per patient, utilizing indi-
vidual head models, and two independent inverse methods (SLORETA [standard-
ized low-resolution brain electromagnetic tomography], MUSIC [multiple signal
classification]). ESI maxima concordance and propagation in spatial relation to
TEs were quantified for sources with good signal quality (signal-to-noise ratio > 2,
explained signal > 60%).

Results: ESI maxima correctly colocalized with a TE in 20 of 32 patients (62.5%)
either at the onset or half-rising flank of at least one IED type per patient. ESI
maxima showed propagation from the temporal pole to other temporal or ex-
tratemporal regions in 14 of 32 patients (44%), confirming propagation originat-
ing in the area of the TE. The findings from both inverse methods validated each
other in 14 of 20 patients (70%), and sphenoidal electrodes exhibited the highest
signal amplitudes in 17 of 23 patients (74%). The concordance of ESI with the TE
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odds ratio of 2.1.

these patients.
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temporal lobe epilepsy

1 | INTRODUCTION

Encephaloceles are herniations of brain tissue, typically
occurring at the temporal pole in combination with skull
defects of the sphenoid bone. They have been identified
as a potential cause of temporal lobe epilepsy (TLE), but
their epileptogenicity needs further confirmation.? The
true prevalence of temporal encephaloceles (TEs) is likely
underestimated. The largest case series to date estimates
the prevalence to be between 2% and 4% in general pre-
surgical evaluation of epilepsy patients and up to 10% in
drug-resistant TLE patients.’

Accurately determining the epileptogenicity of TEs can
be challenging, as standard methods in the presurgical
evaluation, such as scalp electroencephalography (EEG)
and seizure semiology, may not provide sufficient spatial
resolution.*> Additionally, 16%-31% of TLE patients are
considered nonlesional on routine magnetic resonance
imaging (MRI), in contrast to the finding that temporal
TEs are often identified in MRIs of patients who were pre-
viously reported as having normal results.®

Although the temporal pole is a crucial site within tem-
poral lobe seizure networks,”’ scalp EEG recordings can
barely differentiate between the origins of interictal epi-
leptiform discharges (IEDs) at the sublobar level. IEDs in
TLE may exhibit distinct spatiotemporal patterns, but it is
nearly impossible to distinguish IEDs of the temporal pole
from other regions of the anterior temporal lobe based on
scalp EEG traces. Employing either invasive subdural EEG
or intracerebral stereo-EEG (iEEG) to adequately cover
the temporal pole often involves intricate neurosurgical
procedures. As a result, the coverage of the temporal pole
with iEEG electrodes is often sparse, sometimes leaving
a risk of missing the ictal onset.® Consequently, extended
iEEG recordings are chosen to determine the epileptoge-
nicity of TEs.’

Studying IEDs in scalp EEG recordings offers a non-
invasive window for exploration. Compared to seizure
onset patterns, IEDs have the advantage of providing
high-amplitude, low-noise data. IEDs propagate during

predicted a seizure-free postsurgical outcome (Engel I vs. >I) with a diagnostic
Significance: Semiautomated ESI from LTM often successfully identifies

the epileptogenicity of TEs and the IED onset zone within the area of the TEs.
Additionally, it shows potential predictive power for postsurgical outcomes in

electric source imaging, encephalocele, epilepsy surgery, magnetic resonance imaging,

Key points

« In approximately two thirds of the patients,
ESI maxima colocalize with a temporopolar
encephalocele

« Propagation from the temporal pole, indicating
the IED origin within the encephalocele area,
can be shown in nearly half of the patients

« ESIresults from the two different inverse meth-
ods applied most often validate each other

« Sphenoidal electrodes are highly informative
for ESI

« ESI shows promise as a predictor of favorable
postsurgical outcomes

their time course at a lobar and sublobar level. The prop-
agation of averaged IED types in scalp EEG from onset
to peak can also be confirmed noninvasively.'” The clin-
ical relevance of IED propagation is evident, as includ-
ing iEEG contacts that recorded the onset of IEDs in the
resection volume is correlated with a favorable postsur-
gical outcome, similar to the resection of iEEG contacts
with high IED rates.'>"?

Recent advances in IED detection using machine-
learning methods have made automated detection soft-
ware packages available for clinical practice. Utilizing
both semiautomated and automated methods for detect-
ing IED types in long-term scalp EEG recordings over
multiple days has shown reliable agreement with visu-
ally detected IED types and the seizure onset zone."
Current automated detection tools can significantly
reduce the time required for IED review by identifying
IED types, thus making the time-consuming process of
visually marking individual IEDs unnecessary, espe-
cially when high event counts are needed for electric
source imaging (ESI).'**?

ESI, based on the latest International Federation of
Clinical Neurophysiology 2017 electrode array, is gaining
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prominent interest, as it can provide accurate and reli-
able clinical information without the need for additional
data collection.'® Recent publications, including a meta-
analysis, have shown that ESI performs comparably to
other neuroimaging modalities used in presurgical eval-
uation, reliably localizing IEDs across epilepsy patient
populations.'”'® Several studies have demonstrated that
semiautomated ESI accurately localizes the epileptogenic
zone.'”?! ESI based on scalp EEG with 25 electrodes from
long-term monitoring (LTM) compares favorably to ESI
based on high-density EEG,* particularly when cluster-
ing single IEDs into IED types that can be averaged to
improve their signal-to-noise (SNR) ratio, especially in pa-
tients with TLE.*"

Concordance of semiautomated ESI and TEs sug-
gests the epileptogenicity of TEs, which may be sugges-
tive for epilepsy surgery. However, it remains unclear to
what extent ESI, based on semiautomatically detected
IEDs in LTM using 10/20 EEG electrode coverage with
improved coverage of the temporal pole with additional
Silverman electrodes (T1/T2) and with or without addi-
tional sphenoidal electrodes (low-density EEG with 21-23
electrodes), can contribute to determining the epileptoge-
nicity of TEs in patients with TLE.

We hypothesize that performing ESI on averaged IED
types from LTM with low-density EEG, both during the
time course of IEDs, will allow us to confirm that these
IEDs originate within the TE area. This hypothesis is addi-
tionally motivated by prior studies that demonstrated the
clinically relevant contribution of sphenoidal electrodes
to the accuracy of ESL.»

2 | MATERIALS AND METHODS

2.1 | Study design and clinical data

We retrospectively evaluated 32 adult patients with
drug-resistant TLE referred for presurgical evaluation
to the Epilepsy Center Freiburg between 2010 and 2022.
We included all the patients who met the following
criteria:

1. Scalp-EEG LTM for longer than 2days with ictal and
interictal recordings.

2. In-house presurgical high-resolution MRI of the head
that fulfilled the proposed criteria for presurgical epi-
lepsy diagnostics.*

3. TEs with a diameter>3mm were the only potentially
epileptogenic lesions on MRI.

We excluded patients with prior epilepsy surgery or
LTM not done at the Epilepsy Center Freiburg. The study

Epilepsia =

was approved by the institutional ethics board, and all
included patients gave their informed consent that their
data from presurgical epilepsy diagnostics can be used in
research projects.

2.2 | Structural imaging

In each patient, a high-resolution MRI was acquired to
detect structural abnormalities of the brain. Computed
tomography (CT) of the skull base was performed in a
subgroup of patients to assess osseous defects related to
the TE. All except two patients underwent 3-T MRI of the
brain according to in-house standards of high-resolution
epilepsy protocols.?**> The remaining two patients had
to undergo a similar 1.5-T MRI protocol, as 3-T MRI was
contraindicated because of a cardiac pacemaker. We
considered all TEs >3 mm as potentially epileptogenic le-
sions. Among other sequences, the epilepsy MRI protocol
included three-dimensional MRI sequences with 1-mm
isotropic voxels for T1-contrast magnetization prepared
rapid gradient echo and fluid-attenuated-inversion re-
covery sequences and thin-sectioned axial and coronal
T2 sequences angulated according to the long axis of the
hippocampus. High-resolution CT scans of the skull base
(spiral CT or slices with slice thickness <1 mm) were used
to confirm the osseous defect corresponding to TEs. The
TEs were visually confirmed by an experienced neurora-
diologist (H.U.).

2.3 | Long-term monitoring

LTM data with glued scalp EEG electrodes and simultane-
ous video were acquired for a mean duration of 5.85days
using a Neuvo amplifier (Compumedics Neuroscan). All
LTM data were acquired according to the 10/20 system
with additional T1/T2 electrodes (Silverman electrodes).
Sphenoidal electrodes (Sp1/Sp2) were added in 72% of
patients. EEG data had sampling rates between 250 and
1000Hz. A team of certified and experienced epileptolo-
gists (D.-M.A., M.H., A.S.-B.) completed the visual evalua-
tion and marking of IEDs and seizure onsets as part of the
presurgical workup.

2.4 | Semiautomated EEG analysis and
IED detection

Automated IED detection was performed using Persyst
l4c (Persyst). IEDs were detected in electrodes of the
10/20 system and T1/T2 electrodes, but not in sphenoidal
electrodes (see Appendix S1 for details).
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2.5 | Electric source imaging

For ESI, we created a realistic three-compartment for-
ward model using the software Curry 9 (Compumedics
Neuroscan). The source of each IED type was evaluated
at the onset, half-rising flank, and peak using the different
inverse methods standardized low-resolution brain elec-
tromagnetic tomography (SLORETA) and multiple signal
classification (MUSIC; Appendix S1 for details).

Propagation of source maxima was quantified between
IED type onset, half-rising flank, and peak by Euclidian dis-
tance and sublobar parcellation. We only considered sources
with high signal quality (SNR> 2, explained signal >60%) to
reduce the risk of analyzing spurious sources.? The resulting
spatiotemporal evolution of the source maxima per patient
was considered as propagation of the specific IED types.

ESI findings and their propagation were classified ac-
cording to the 17 cortical parcellations of the brain (see
also Section 2.7). In addition, we measured the Euclidian
distance between ESI findings and the TE. Propagation
was considered for distances >5mm, irrespective of the
cortical parcel.

2.6 | ESI comparison with iEEG,
resection and postsurgical outcome

For seizure onset zone and epileptogenic zone confirma-
tion, respectively, iEEG studies or tailored surgical resec-
tions were performed in 18 of 32 patients depending on the
concordance of the electroclinical hypothesis and MRI.
All patients with doubts about the seizure onset zone in
the area of the TE, with bilateral seizure onset zones in
scalp EEG, or with bilateral TEs underwent subsequent
iEEG. iEEG data were acquired in seven of 32 patients.
All seven patients underwent stereo-EEG with unilat-
eral/bilateral implantations that included multiple iEEG
electrodes targeting the temporal pole including the TEs,
entorhinal cortex, amygdala, anterior hippocampus, para-
hippocampal gyrus, and basal temporal regions. Surgical
resections were performed in 17 of 32 patients according
to the consensus of interdisciplinary seizure conferences.
A tailored temporal pole resection sparing the mesial tem-
poral structures was chosen in 16 of 17 patients. In one
of 17 patient (ID16; Table 1), the amygdala was also in-
cluded in the resection volume. The resection volume was
typically extended 1.5-2.5cm from the tip of the temporal
pole. Postsurgical outcomes were evaluated at least 1year
after surgery based on the Engel classification. In addi-
tion to those 17 patients, one patient underwent unilateral
temporal pole resection without available postsurgical fol-
low-up. ESI source maxima results were either confirmed
by iEEG findings or an Engel class I postsurgical outcome
with a follow-up >1year.

2.7 | Definitions

Concordance between ESI maxima of either one of the two
inverse methods and TE was considered if the ESI maxima
localized to the temporal pole parcel that contained a TE.
We could not differentiate between multiple TEs at the same
temporal pole due to a limited spatial resolution of ESI.

We defined the onset of an averaged IED as the first 10%
of the entire IED, accordingly: either the earliest deflec-
tion in the first 7ms of its rising flank that met the crite-
ria for nonpolyphasic IEDs or the first peak in polyphasic
IEDs if the negative amplitude of the highest amplitude
of the averaged IED was preceded by an additional ampli-
tude peak (see also Figure 1)."**” Half-rise was defined as
the midpoint between the onset of the rising flank and the
maximum negativity of the averaged IED.'**’

IED propagation measures the Euclidean distance be-
tween the localization of the source maximum at the IED
onset and its maximum at the IED peak of the respective
inverse method."

Colocalization was referred to as concordance by two
distinct inverse methods. Colocalization between the two
inverse methods is fulfilled when both inverse methods
localize to the temporal pole with a Euclidian distance
<2cm between them.

The cortical surface of each patient was divided into
17 clinically relevant regions of interest.”**’ The posterior
border of the temporal pole was defined by the anterior
brainstem and the limen insulae.*

2.8 | Statistical analysis

We assessed the relationship between the spatial concord-
ance of ESI maxima and TEs with postsurgical outcomes
at the patient level. We defined true positives as cases as
where ESI of one of the two most frequent IED types per
patient spatially matched the temporal pole with a TE (see
also Section 2.2).%® True negative refers to cases with no
TE at the temporal pole, and no ESI maximum localized
to that area. ESI maxima were categorized as false positive
when an ESI maximum was present at the temporal pole
without a TE, and false negative when there was no ESI
maximum at the temporal pole with a TE.

3 | RESULTS

3.1 | Study population, demographics,
and clinical characteristics

We retrospectively included 32 patients (median
age=38.5years, range=18-66; median epilepsy dura-
tion=10years, range=1-33; 19/32 patients [59.4%]

85U8017 SUOWIIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO 'S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe L 8y} &8s *[1Z0z/c0/6T] Uo A%iqiTauluo Ae|im ‘eisenun-sBimpn-1ed|v Aq 6.8, T"1d8/TTTT'OT/I0p/W00 A8 1w Arelq1juljuo//Sdny Wwouy pepeojumod ‘€ ‘#7202 ‘29TT8ZST



15281167, 2024, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/epi.17879 by Albert-Ludwigs-Universitaet, Wiley Online Library on [19/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

]
©
7))
Q.
Q0
(@l
Ll

ANTAL ET AL.

(senunuo))

(9¢) aII ‘dL 1
«dLT

(z0) 411 ‘dL T
(TL) VIdLT

(PT1) 91 ‘dL'T
(8Y) VAL ‘dL 4

(ST) g1 ‘dLT
(8L)D1°dL Y

(¢L) AL ‘V+dLT

(9¢) 11 ‘dL1
(1) VI ‘dL1

(09) VI‘dL¥

F) VI‘dL1

(0€) 411 ‘dL g

(ST) VIII ‘dL'T

(09) VI ‘dL1
(9v) d1‘dL1

(sypuowx
‘dn-morjoy)
‘Qur09Ino ‘Ard8ing

(dr9).1d
(dL¥) 19

(drg)1d

(dL T LT

(dr49) ra

(dL 1) L1

(ZOS)
oHds

SOX

SOX
SOX

SaX
Sax

SaX
Sax
Sax

SOX
SOX

SOX
SOK
S9X

S9X
S9X

S9X
SOX
SOX

SOX
SOx

ds

%
%
%
%

%
%

%
%

%
%

%
%
ve

%
€1
0c

%

S

%

%

%

%

VILIdO0TS
‘arur
‘uonededoig

%
%
(44
%

ST
%
%
%
%
%

%
%

%
%
0¢

ot

€l

8

%

18

%

%

%

%

%

%

DISNIN ‘urur
‘uonyeSedoag

V/H

V/V pue 40/1
dL/dL
40/40

Ld pue
1L Y30q 10§ d1/d.L

q1/dL
V/d0
dl/dL
qa1/v
qL/0

40
/40 1L V/40 :Ld

dL/D

dL
/4L TL ‘V/4L:Ld

40/40
d0/dL

84 pue
CL130q 103 dL/dL

d0/dL
4L/dL
dL/dL
V/dL

2/

dL/dL
dL/dL
dL/D

H/H

H/V 10 H/H

VLAIOTS
UOIIIAIIP/IISUQ

H/T

V/V pue 40/1
d0/dL

dL/dL

I/1:Ld ‘T/dL:TL
Vv/40

V/d0

dl/dL

H/V

H/4dL

Ld pue
L1 4309 103 V/40

d0/D

I/T:ILV ‘dL:Ld
40/40
d0/dL

84 pue
<L y30q 105 I/dL

d0/dL
dl/dL
d0/dL
V/dL
gd/94
H/H

d0/v

I/1

H/H

H/V I0H/H

JISNIN
U0NIIIIP/IISUQ

ON
ON
1L ‘(d-0) seX
ON

LA/11°(d-0) S9X
ON

ON

1L ‘(d-H) soX
ON

ON

ON
ON

ON
ON
L4 ‘(d-0) SeX

84/21 ‘(d-H) SoX
L4 ((d-0) SoK
21 (d-0) seX
LA “(d-0) SeX
LL(d-0) Sok

ON
€L (d-0) SaX
ON
ON
ON
ON

Sjunod

QHI Wnuwirxeur yim
sapox3od[a/uonesedoig

ON
ON
SOX
SOk

T S9K
oN
ON
EIN
ON
ON

ON
SO

SOx
ON
SOX

S9X
SOX
SOK
S9x
Sax

ON
SOK

TS9X

SOK
ON
ON

aprs
“UOTIRZI[EI0[0)

¢
11
ne
¢

qu
qdrT1
d1
11
ATTL

qu

¢

qu

qur
191
e

dr1
¢
1291
dT1C
I
dT1
qu
ATTT
qdr1
1¢
T

TIIN
uo sqJ,

9¢
ST
14
€C

aé
1C
0¢
61
8T
LT

9T
ST

14!
€1
@l

S o~
Lo B

S N N <t n O >~ 0 O

a
—

*awo0o)No [ed131ns)sod pue ‘OHH-0919)S dAISBAUL ‘FUISeWI 90IN0S OIS T HTAdV.L



“ LEpilepsia

TABLE 1 (Continued)

Surgery, outcome,

(follow-up,
months)

Propagation,

mm,

Propagation/electrodes
with maximum IED

counts

sEEG

Propagation,

mm, MUSIC

Onset/direction
sLORETA

Onset/direction

MUSIC

Colocalization,

side

TEs on
ID MRI

(S0Z)

SP

sLORETA

L TP, IIA (55)

14 Yes

%

10

TP/TB

TP/A

Yes (O-P), T1/T3
Yes (O-P), F8

Yes

1L

27

Yes

ER/TPc
TP/A

TP/A

Yes

mb

28
29
30
31

Yes

16
20
%
%

29

TP/ER
TP/A
H/C

Yes (O-P), T1

Yes

mb

ANTAL ET AL.

24
%

TP/A
c/C

Yes (O-P), T2

No

Yes

mb

No

mb

%

TP/TP

H/TP

No

Yes

mb

32

Abbreviations: %, no propagation; A, amygdala; B, bilateral; C, cortical midline regions; ER, entorhinal cortex; H, hippocampus; H-P, half-rise to peak; I, insula; IED, interictal epileptiform discharge; L, left; mb, multiple
bilateral encephaloceles; MRI, magnetic resonance imaging; MUSIC, multiple signal classification; OF, orbitofrontal; O-P, onset to peak; R, right; SEEG, stereoelectroencephalography; SLORETA, standardized low-

resolution brain electromagnetic tomography; SOZ, seizure onset zone; SP, sphenoidal electrodes; T: temporal, TB, temporobasal; TE, temporal encephalocele; TP, temporal pole ipsilateral to the encephalocele; TPc,

temporal pole contralateral to encephalocele.

*No postsurgical follow-up.

males). Their average body mass index (BMI) at LTM
was 27.33 kg/mz, which is in line with more recent find-
ings that an increased BMI of >25kg/m? is a risk factor for
TEs.” The most frequently reported focal aware seizures
were sensory (epigastric or visual) and cognitive (déja
vu).3!

3.2 | Structural imaging findings

All TEs were located either unilaterally or at both tempo-
ral poles within the sphenoid bone. A co-occurring osse-
ous defect was detected in high-resolution CT of the skull
base in all patients who underwent CT (15/32 patients
[46.8%]). In 17 patients with unilateral TE, 12 TEs were on
the left (70.6%) and five TEs were on the right side (29.4%;
Figures 2 and 3).

3.3 | Interictal and ictal LTM findings
In clinical evaluation of the LTM, bilateral IEDs were found
in both patients with unilateral and patients with bilateral
TEs. In patients with unilateral TEs, bilateral IEDs occurred
in eight of 17 patients (47%), unilateral IEDs were ipsilateral
to the TEs in eight of 17 patients (47%), and IEDs showed
contralateral false lateralization in one of 17 patients. In pa-
tients with bilateral TEs, eight of 15 patients (53.3%) had bi-
lateral IEDs, and seven of 15 patients (46.7%) had unilateral
IEDs on scalp EEG. Ictal scalp EEG was lateralized to the
contralateral hemisphere in two patients with unilateral TEs
(ID20, ID21), being proven by iEEG studies in one patient.
If sphenoidal electrodes were used, they often showed
high signal amplitudes. In 17 of 23 patients with sphenoi-
dal electrodes (74%), they had the highest signal ampli-
tudes at the peak of the averaged IED types.

3.4 | Semiautomated EEG
cluster findings

Semiautomated EEG analysis correctly identified IED
types in all patients. After selecting the two most fre-
quent IED types per patient, we report a median of
192 IEDs/type (range=26-522 IEDs/type). Taking
into account the individual duration of the LTM, on
average 1.5 IEDs/h of these two IED types occurred.
Semiautomated clustering identified IED types in 20 of
32 patients (62.5%) on the left side, in five of 32 patients
(15.63%) on the right side, in one of 32 patients (3.12%)
with false lateralization to the left, and in six of 32 pa-
tients (18.75%) bilaterally. In those eight patients with
unilateral TE and bilateral IEDs, the highest IED counts
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FIGURE 1 Patient ID10 with left-sided temporal lobe epilepsy and multiple unilateral temporopolar encephaloceles. (A) Butterfly

plot showing an averaged interictal epileptiform discharge (IED) type and an amplitude map at the onset of the IED type (minor peak

in polyphasic IED type). (B) Propagation of the temporopolar blue dipole representing the MUSIC (multiple signal classification) source

maximum at the IED onset (color maps thresholded at 95% of the maximum amplitude), adjacent to the temporopolar encephaloceles,

to the green dipole localizing to the ipsilateral orbitofrontal cortex at the time of the negative IED maximum. (C) Propagation of the

temporopolar SLORETA (standardized low-resolution brain electromagnetic tomography) source maximum in blue at the time of the IED

onset (thresholded at 95% of the maximum amplitude), adjacent to the temporopolar encephaloceles, to the red source maximum at the

time of the maximum negativity of the IED type. Source maxima of both inverse reconstructions were concordant at the IED onset, and both

propagated 13 mm to the ipsilateral orbitofrontal cortex.

FIGURE 2 Patient ID10. Coronal (A) and axial (B) slices of a three-dimensional fluid attenuated recovery 3-T magnetic resonance
imaging sequence of a 19-year-old patient with left temporal lobe epilepsy due to a left temporopolar encephalocele (white circles). R, right.

on semiautomated clustering were always at the side
of the TE. All patients with unilateral IEDs in clinical
evaluation of LTM had unilateral IED types in semiau-
tomated detection. However, in one patient with right
TE, both visually detected IED types in scalp EEG and
the most frequent semiautomatically detected IED type
localized to the left side (ID20). In the cohort of eight
patients with bilateral TEs and bilateral IEDs in clinical

evaluation of LTM, the two most frequently detected
IED types in semiautomated detection were unilateral
in five of eight patients (62.5%).

The highest IED counts were detected for IED types
that had their maximum amplitude at the EEG electrodes
T1/T2. This was the case in 26 of 32 patients (81.3%), not
considering the sphenoidal electrodes Sp1/Sp2, as the de-
tector was not specified to detect IEDs here.
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3.5 | ESIfindings

The ESI amplitude maximum of at least one inverse method
of at least one IED type/patient was concordant with a TE
in 20 of 32 patients (62.5%) at the onset, half-rising peak,
or peak of the averaged IED type. In patients with unilat-
eral TEs, ESI maxima of at least one inverse method were
concordant with the TE in nine of 17 patients (52.9%). In
patients with bilateral TEs, 11 of 15 patients (73.3%) were

concordant with TEs of at least one side and in two of them
with TEs on both sides (see examples in Figures 4 and 5).

Most often, in 14 of 20 patients (70%), source maxima
of both inverse methods colocalized with a TE, confirm-
ing each other. In the remaining patients, SLORETA was
concordant with a TE in four of 20 patients (20%) and
MUSIC in two of 20 patients (10%) alone.

IEDs propagated through their time course from a TE to
distant regions in a subgroup of patients. IEDs propagated

FIGURE 3 Patient ID30. T1 three-dimensional 3-T magnetic resonance imaging sequence of a 65-year-old patient with temporal lobe
epilepsy. (A) Axial slices with bilateral (right [R] > left) temporopolar encephaloceles (white circles). (B, C) Coronal (B) and sagittal (C) slices
depict two different right temporal encephaloceles close to each other. ant, anterior.

FIGURE 4 Patient ID22 with left temporal lobe epilepsy and bilateral temporopolar encephaloceles. (A) Butterfly plot showing an
averaged interictal epileptiform discharge (IED) type and amplitude map at the onset of the IED type. (B) Dipole source maximum of the
multiple signal classification (MUSIC) algorithm (color map thresholded at 99% of the maximum amplitude). Propagation is illustrated

of the temporopolar blue MUSIC dipole at the onset of the IED type, located near the left-sided temporopolar encephalocele, to the left
insular localization of the green dipole at the time of the negative amplitude maximum of the IED type. (C) SLORETA (standardized low-
resolution brain electromagnetic tomography) blue source maximum (color map thresholded at 99% of the maximum amplitude) at onset,

adjacent to the temporopolar encephalocele, propagated 6 mm within the temporal pole to the red source maximum at the time of the
maximum negativity of this IED type. This patient underwent left temporal pole resection after bitemporal intracranial recordings using
stereoencephalography and became seizure-free, except for occasional nondisabling focal aware seizures (Engel IB, follow-up for 10years).
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FIGURE 5 Patient ID30 with temporal lobe epilepsy and bilateral temporopolar encephaloceles. (A) Butterfly plot depicting an
averaged IED type and amplitude map at the onset of the interictal epileptiform discharge (IED) type. (B) Dipole source maximum of the
multiple signal classification (MUSIC) algorithm (color map thresholded at 99% of the maximum amplitude). Propagation is shown of
the temporopolar blue MUSIC dipole at the onset of the IED type, adjacent to the right temporopolar encephalocele, to the localization of
the green dipole within the ipsilateral amygdala at the time of the negative amplitude maximum of the IED type. (C) Standardized low-

resolution brain electromagnetic tomography (SLORETA) source maximum (color maps thresholded at 99% of the maximum). Propagation

is shown of the temporopolar SLORETA blue source maximum, adjacent to the temporopolar encephalocele, at the onset of the IED type

to the ipsilateral amygdalar location of the red source maximum at the time of the maximum negativity of the IED type. ESI maxima, using
either the MUSIC or the SLORETA inverse method, propagated a Euclidean distance of 24 mm and 20 mm, respectively, to the ipsilateral

amygdala.

in 14 of 32 patients (44%) by a Euclidian distance of
16 +9 mm. Propagation was demonstrated by both inverse
methods in eight of 14 patients (57.2%) and in three of 14
patients (21.4%) by either SLORETA or MUSIC, respec-
tively. IEDs propagated to the following regions: amygdala
(5/14 [35.7%]), orbitofrontal cortex (3/14 [21.4%]), tem-
poral pole area (3/14 [21.4%]), insula (2/14 [14.3%]), and
basal temporal area (1/14 [7.1%]). Propagation was seen
between half-rise and peak of the averaged IEDs in two of
14 patients (14.3%) and between onset and peak in 12 of
14 patients (85.7%).

3.6 | Validation by iEEG and
postsurgical outcome

From our total cohort, 17 of 32 patients underwent either
iEEG or surgical resection with available postsurgical out-
come data or both. In six of 32 patients iEEG was acquired,
and 17 of 32 patients underwent unilateral temporal pole
resection sparing the amygdala and the hippocampus
(ID16 was an exception, with resection of the amygdala).
In the iEEG subgroup, all six patients had a seizure onset
zone in the temporal pole electrodes near the TEs, with
accurate colocalization by ESI in four of seven patients

(57%). In three of five patients with bilateral iEEG implan-
tation and bilateral TEs, seizures were recorded indepen-
dently from both temporal poles. Surgery was offered to
three of these patients (ID4, ID13, ID21) on the side with
the predominant seizures. ESI concurred with the pre-
dominant seizure focus. However, although extended le-
sionectomy of the TE was performed in patients ID4 and
ID21, only patient ID4 experienced a favorable postsurgi-
cal outcome.

We report Engel I postsurgical outcome at >1year in
nine of 17 surgical patients (52.9%) with a mean follow-up
of 53.4 (£31.3) months. In 14 of 17 surgical patients, there
was a favorable postsurgical outcome of Engel I/II with a
mean follow-up of 46.4 months, seven of 14 (50%) having
been correctly colocalized by ESI results. The concordance
of ESI with the TE predicts postsurgical outcomes (Engel I
vs. >I) with a diagnostic odds ratio of 2.1 (95% confidence
interval [CI] = .30-14.55), sensitivity of .63 (95% CI = .37-
.84), and specificity of .56 (95% CI =.31-.78), based on data
from 17 surgical patients (true positive, 5; false negative, 4;
false positive, 3; true negative, 5). We could not establish
any relationship between the concordance of ESI max-
ima and TEs and postsurgical outcomes in patients with
multiple bilateral TEs due to an insufficient cohort size.
Patients with Engel I outcome did not show a tendency
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for a shorter duration of epilepsy compared to patients
with Engel outcome II-IV (median=8/mean=10.5years
vs. median =10/mean =10.4years), although there was a
statistical difference in the comparison of patients with
Engel I/1I versus III/IV outcome (9.7 +31.3years vs. 14
+2.9years).

4 | DISCUSSION

4.1 | Main findings

ESI maxima of semiautomatically detected IEDs from
LTM are often spatially concordant with TEs and can
capture propagation from the area of the TE to distant
regions throughout the time course of IEDs. ESI max-
ima during the time course of at least one IED type per
patient were spatially concordant with a TE in approxi-
mately two thirds of the patients. Spatial concordance
between ESI maxima and TE typically occurs for ESI
maxima at the onset or at the half-rising flank of the IED
type. Secondary propagation from the temporal pole to
other temporal or extratemporal regions occurs in al-
most half of the patients, further supporting the origin
of the IED type within the area of the TE. ESI findings
of the two different inverse methods applied typically
colocalize and thus validate each other. Sphenoidal
electrodes are highly informative for ESI, as they most
often exhibit the highest signal amplitudes at the peak
of the IEDs. ESI can even be considered a predictor of
favorable postsurgical outcomes.

4.2 | Spatial concordance

To the best of our knowledge, this study is the first to
apply ESI in demonstrating the epileptogenicity of TEs
noninvasively. These results underscore the value of con-
cordance between ESI source maxima obtained from LTM
and a given TE that may add to presurgical evaluations,
as previously reported in more diverse etiologies of focal
epilepsies."* The colocalization of results from different
inverse methods enhances confidence in the ESI findings
across different patients.32 Until now, extensive iEEG
recordings have been necessary to confirm the epilepto-
genicity of TEs.’

4.3 | Spatiotemporal analysis

The spatiotemporal analysis of ESI maxima at the source
level, using IED types based on averaged single IEDs, sug-
gests that IEDs propagate during the time course of the

IED. Notably, the first deflection that meets the techni-
cal criteria during the onset often spatially corresponds
best to the TE, and the IED may propagate with high vari-
ability to distant brain regions during the course of the
IEDs, such as the amygdala, the hippocampus, and the
orbitofrontal cortex. This implies that relying solely on
ESI at the peak of the IED type would have led to false
localizations distant from the site of the IED onset close
to the TE."

The high counts of IEDs per IED type, recorded over
multiple days during LTM, provide distinct advantages
compared to short-term high-density EEG recordings that
typically last only a few hours, and tend to yield relatively
few IEDs. Averaging IED types based on semiautomated
detection from LTM results in highly accurate ESI find-
ings due to the consistently high SNRs, even at the onset
of averaged IED types.*

The temporal pole, considered to be a cortical conver-
gence zone with distinct functional and anatomical con-
nections,* displays connectivity and propagation patterns
distinct from those of mesial temporal structures. It consis-
tently connects with the orbitofrontal area and the inferior
frontal gyrus,** which may explain the propagation of the
ESI maxima to orbitofrontal areas in some of our patients.
However, with our current electrode setup, the ESI results
of IED propagation need to be interpreted with caution.
Although we have high electrode coverage of the temporal
pole similar to targeted-density EEG,” in areas distant to
the temporal pole the electrode coverage is likely subop-
timal. Thus, especially source-level IED propagation, for
example, to the insula and orbitofrontal cortex, needs to be
validated with higher coverage of evenly distributed scalp
EEG electrodes with better whole brain coverage.*

4.4 | Differentiating between
temporopolar and mesial temporal

Unraveling the IED propagation from the TEs to distant
brain regions can enhance the distinction between these
discharges and those originating from other temporal and
extratemporal regions. However, distinguishing mesial
temporal lobe IEDs from those of other origins is typi-
cally challenging, as mesial temporal IEDs usually need
to propagate to the temporal neocortex before they can be
distinguished in scalp EEG.*® There are rare exceptions to
this general rule, where even hippocampal epileptic activ-
ity can be recognized in scalp EEG.*” Consequently, our
current setup was not optimal to differentiate between
temporopolar and mesial temporal sources.

In patients with TLE and TEs, IED types originating
clearly in mesial temporal lobe structures could indicate
secondary mesial temporal involvement in the course of
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the disease and may serve as a predictor for worse post-
surgical outcomes. This could be an explanation for the
observed tendency toward worse postsurgical outcomes
in patients of longer epilepsy duration within our cohort.
Fast propagations of evoked potentials from the temporal
pole to mesial temporal structures could point toward an
increased vulnerability and high risk of secondary epilep-
togenesis of mesial temporal lobe structures in primarily
extrahippocampal TLE.*

Simultaneous EEG—functional MRI (fMRI) may be an
appropriate method for distinguishing IEDs originating in
mesial temporal structures from IEDs originating in the
temporal pole. The advantage of EEG-fMRI over ESI lies
in its capability to identify the IED onset zone in areas dis-
tant from the cortical surface, such as the mesial temporal
lobe.*** An alternative approach to characterize the dif-
ferences between temporopolar and mesial temporal IEDs
is simultaneous iEEG/scalp EEG recordings with suffi-
cient noninvasive coverage of the temporal pole.*

4.5 | Postsurgical outcome and
implementation in clinical practice

The concordance of ESI from LTM with results from pre-
surgical diagnostics demonstrates the potential power to
predict favorable postsurgical outcomes, which holds sig-
nificant clinical relevance. It may support the identifica-
tion of patients with TEs in whom iEEG studies can be
omitted and a very circumscribed temporopolar resection
can be offered. Nevertheless, its relatively low sensitiv-
ity suggests that it may not be sufficient as a standalone
screening tool for detecting potentially epileptogenic TEs.

The presented method introduces a valuable approach
with the advantage of high temporal resolution in the
presurgical assessment of epilepsy patients. It is import-
ant to emphasize that implementing this method relies
on readily available EEG and MRI data from presurgical
diagnostics. These existing data sources can be combined
and processed further to extract additional information.
To the best of our knowledge, there is currently no way
other than ESI to determine the origin of IEDs in the an-
terior temporal lobe noninvasively. ESI can probably be
useful to determine the epileptogenicity of pathologies of
the temporal pole other than TEs as well.

4.6 | Future perspectives

The yield of ESI could likely be enhanced through the uti-
lization of improved head models or alternative scalp EEG
setups with comprehensive coverage of the temporal pole.
Additionally, the spatial accuracy of ESI might be further

Epilepsia -

improved by employing a more detailed finite element
head model and individualized conductivity thresholds.**
An open question remains regarding the possibility of re-
placing sphenoidal electrodes with scalp EEG setups that
comprehensively cover the temporal pole.*® It is possible
that evenly spaced scalp EEG setups with higher electrode
counts and better whole brain coverage could offer more
precise tracing of IED propagation paths and aid presurgi-
cal evaluations for variable pathologies.

5 | CONCLUSIONS

Semiautomated low-density ESI from LTM with 10/20
electrode coverage, supplemented by T1/T2 and sphenoi-
dal electrodes, is a valuable tool for assessing the epilepto-
genicity of TEs and studying propagation pathways. Most
importantly, it demonstrates promising predictive power
for postsurgical outcomes. Therefore, we strongly recom-
mend the integration of ESI based on semiautomatically
detected IED types from LTM into clinical practice.
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