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Purpose: To improve EEG source localization results of interictal
epileptic discharges (IED) by applying postprocessing step to
electrical source imaging (ESI).

Methods: Localization error of ESI was evaluated in comparison
to known sources of stimulation potentials (ESP) by recording
simultaneous stereo-EEG/scalp EEG. Error vectors were defined
as the offset of the ESI-dipole of ESP to the stereo-EEG contacts
used for stimulation. The inverted error vector was applied to
the ESI-dipole of IED (IED-dipole).

Results: Seven IED clusters were evaluated. Corrected IED-
dipoles were located closer to IED-onset contacts on stereo-
EEG than uncorrected IED-dipoles (median [IQR]: 7.8 [2.5] versus
18.7 [10.7] mm, P = 0.02). Anatomically, for high skull
conductivities, all corrected IED-dipoles were located in cortical
structures or adjacent to epileptogenic lesion, whereas
uncorrected IED-dipoles were located in white matter or CSF
(P = 0.02). Physiologically, cortical extent of IED generators
estimated from corrected IED-dipoles was 16.5 cm?

Intracerebral EEG recording is a routine tool in presurgical
evaluation for patients with pharmacoresistant epilepsy when
noninvasive multimodal workup does not deliver sufficiently
conclusive information. It aims at further delineating areas of
seizure onset and rate the degree of epileptogenicity in various
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(/IQR = 10.4 cm?) and 7.4 cm? (range 5.8-9.2 cm?) in the group of
anterior temporal IED and prefrontal IED, respectively; the
former was concordant with the extent estimated by subdural
electrodes. In addition, the relationship of stereo-EEG IED
amplitude (a) drop with increasing distance (d) from corrected
IED-dipole could be modeled as a negative power equation
a(d)«1/d® (R? = 0.87, P < 0.01), with b ranging from 0.79 to 2.3,
median: 1.57, consistent with a simulation model of the
sensitivity of intracerebral electrode.

Conclusions: Application of inverted error vector reduces
localization error and shifts IED-dipole to an anatomically and
physiologically plausible location.

Key Words: Epileptic discharge, Generator, Electrical source
imaging, Localization error, stereo EEG contact, Presurgical
evaluation.

(J Clin Neurophysiol 2025;00: 1-11)

candidate areas (explorative approach) and to prove epileptoge-
nicity of a lesion or in its immediate vicinity (confirmative
approach) or to determine the spatial relationship between seizure
onset and functional cortex. Among different intracerebral
recording techniques, stereo-EEG offers the unique ability to
explore cortical sulci, as well as deep or periventricular areas.!
Target areas for stereo-EEG electrode placement are determined
using information obtained from seizure semiology, neuro-
imaging, and interictal and ictal scalp EEG recordings.> The
latter may be subjected to electrical source imaging (ESI), which
may strengthen a hypothesis on the localization of the
epileptogenic zone in patients with concordant findings in
noninvasive modalities. In patients with discordant findings or
nonlesional cases, ESI narrows the focus hypothesis and helps to
define targets of intracerebral electrode placement.?

Few studies provide estimation of sources of epileptic
discharges recorded on simultaneous stereo-EEG and scalp EEG
using ESL*> Applying equivalent current dipole localization and
distributed source models, sources of ictal epileptic discharges
were localized approximately 30 to 47 mm from the ictal onset
stereo-EEG contacts. However, these studies were limited by
a range of factors influencing spatial accuracy of ESI, such as head
surface electrode coverage, spike analysis technique, general
limitations of the inverse solution method and forward calculation
method, and assumed head tissue conductivities.®
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In this study, we attempt to improve EEG source
localization results in the context of epilepsy presurgical
evaluation by applying the principle of the artificial spike
(ESI of ESP) model to natural spike (IED) as a “postprocess-
ing” step to ESI. First, individual error vectors were deter-
mined for stereo-EEG contacts showing IED onsets based on
the ESI-dipole of the ESP at these locations. Then, the inverse
of these individual error vectors (iEV) was applied to the ESI-
dipole results of the IED. Spatial accuracy of this correction
approach was then evaluated.

METHODS

Patient Recordings

Data of 11 patients with pharmacoresistant epilepsy
undergoing stereo-EEG evaluation from our previous study
were evaluated retrospectively.!® This study (register number:
20-6970) was approved by the Ethics Commission of the
Faculty of Medicine, Ruhr-University Bochum, Germany.
Patient selection criterion was a minimum number (>500) of
IED recorded with correlates in both stereo-EEG and simulta-
neous 37-electrode scalp EEG monitoring. Scalp EEG with
electrode placement according to the 10-20 system and
additional paracentral (FC1/2, FC5/6, CP1/2, CP5/6), inferior
frontal-temporal (F11/12, FT9/10 or T1/T2, A1/2, TP9/10),
and inferior cerebellar (CB1/2) electrodes was recorded with
a sampling rate of 2,000 Hz (Xltek Natus, Middleton). Six

Patient no.1 Patient no.2 (Rt)

Patientno.2 (Lt) |

Patient no.3

patients who had scalp EEG correlates of stereo-EEG IED (7
IED clusters) recorded were included into the study.

Five clusters of anterior temporal IED (distributed on scalp
EEG contacts F7/8, F11/12, FT9/10, A1/2 T7/8) were evaluated
in four patients (no. 1-4), one with bilateral temporal IED (no. 2)
(Fig. 1). All four patients had nonlesional temporal lobe epilepsy
based on data obtained during noninvasive evaluation. Stereo-
EEG electrodes (AD-tech, Racine, WI) with the diameter of
1.1 mm, contact length of 2.4 mm, and interspacing length of
2.1 mm were used. In two patients (no. 1 and 3), six electrodes
were implanted unilaterally into the temporal pole, entorhinal
cortex, amygdala, anterior and posterior hippocampus, and the
parahippocampal gyrus. In one patient (no. 4), five electrodes
were implanted in all aforementioned structures except the
temporal pole. In the last patient (no. 2), amygdalae and anterior
and posterior hippocampi were implanted bilaterally. Two
patients (no. 5 and 6) with prefrontal IEDs (distributed on FP1/
2, FC1/2, F3/4, FC5/6, Fz and Cz) had frontal lobe epilepsy in
the setting of suspected bottom of sulcus focal cortical dysplasia
(FCD) (Fig. 1). In these patients, four and six stereo-EEG
electrodes were implanted in the vicinity of the suspected MRI
abnormality that had been identified by the Morphometric
Analysis Program v2018 (MAP1S8, kindly provided by H.
J. Huppertz, Swiss Epilepsy Center Zurich, Switzerland).'! Mean
number of contacts per a stereo-EEG electrode was 9 (range 6—
11) for the anterior temporal cluster and 8 (range 4-10) for the
prefrontal cluster. For the summary of patient’s characteristic
(see Table, Supplemental Digital Content 1, http://links.lww.
com/JCNP/A336).

Patient no.4 Patient no.5 Patient no.6
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100ms.

FIG. 1. Seven clusters of averaged scalp EEG correlates of stereo-EEG IED from six patients showing the IED-onset contacts (red arrow)
recorded on simultaneous stereo-EEG and 37-electrode scalp EEG. Topography (top row) display voltage maps at the peak of the IEDs.
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IED and ESP Identification

Typical scalp EEG correlates of stereo-EEG IED with compa-
rable onsets and morphology were identified from the first 24 hours
of recording by visual inspection using a reference montage. Further
IEDs were detected using a template search algorithm (BESA
Research 7.1, BESA GmbH, Grifeling, Germany). Templates,
channels, and settings for the automated search were selected

Stimulation Potentials at TECL7-8 and TECL8-9

manually. Detection results were checked for correctness and
excessive additional artifacts. Atypical IED based on visual
inspection were rejected. On average, 3,662 (interquartile range:
I0R 7,194) per IED cluster were detected. Epochs of 250 ms before
to 500 ms after the IED peak were then extracted and averaged. The
stereo-EEG IED-onset contact was selected by visual inspection as
the first contact showing the earliest IED’s rising flank (Fig. 2, right).

Epileptic Potential with onset at TECL8
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FIG. 2. Left: Averaged scalp EEG correlates of stereo-EEG ESP of stimulated contact pairs (TECL7 and 8, TECL8 and 9) involving the IED-

onset contact TECL8 (red arrow). Right: Averaged scalp EEG correlates of stereo-EEG IED with onset at contact TECL8 (red arrow), recorded
on simultaneous stereo-EEG (with reference electrode AF7 and AF8, contacts TPL1 to THPL10 in brown lines) and 37-electrode scalp EEG

(with reference electrode CPz, contacts FP1-02 in blue and red lines).
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In our previous study, “bipolar” single pulses (parameters:
biphasic square pulse, 2 ms pulse width, 1 mA intensity, 1 Hz)
stimulation were applied to pairs of neighboring electrode
contacts with a total of 90 to 110 trials per pair (ISIS Stimulator,
Inomed Medizintechnik GmbH, Emmendigen, Germany). Scalp
EEG correlates of the ESP were recorded with simultaneous
stereo-EEG and 37-electrode scalp EEG. For this study, we
selected stimulation data involving the IED-onset contacts
(Fig. 2, left). Epochs of 250 ms before to 500 ms after the ESP
were extracted and averaged. The resulting averaged scalp EEG-
IED and averaged scalp EEG-ESP were then submitted to ESI.

ESI of ESP and IED as well as Determination and
Application of Individual iEV

ESI of averaged scalp EEG-ESP was performed using
a single dipole model from the onset to the negative peak (fit
interval of —1.5 to 0 ms) of the averaged data. No filters were
applied. Regularization of 0 and baseline of —150 to —50 ms
was set (BESA Research 7.1, BESA GmbH, Grifelfing,
Germany). In dipole fitting, in each iteration step, the optimizer
determines the new positions within the brain compartment,
defined during the segmentation of the head volume conductor,
with the aim of explaining the data with maximal goodness of fit
(BESA MRI 2.0, BESA GmbH, Grifelfing, Germany). The fit
threshold in this study is goodness of fit. Fitted dipoles with
goodness of fit of = 80% were included in the analysis. An
individual four-compartment finite element method (FEM) model
with standard tissue conductivity values of scalp (0.33 S/m), CSF
(1.79 S/m), and brain (0.33 S/m) was employed for ESI (BESA
MRI 2.0, BESA GmbH, Grifelfing, Germany). Skull conductiv-
ity values were set at the best individual conductivity, providing
the smallest localization errors in most contact locations for each
patient in our previous study.!® The optimal skull conductivity
was 0.0206 S/m (skull: skin conductivity ratio (SSCR) of 1:16)
for patient no. 1, 3, and 6 and 0.0413 S/m (SSCR 1:8) for patients
no. 2, 4, and 5. Consequently, ESI-dipoles of the stimulation
potentials were obtained.

For the calculation, the averaged scalp EEG-ESP belonging
to stimulated contact pairs involving the IED-onset contact was
determined. Figure 2 (leff) shows an example: TECL 8§ was the
IED-onset contact showing the earliest IED’s rising flank. The
ESP from contact pairs TECL 7 to 8 and TECL 8 to 9 were both
subjected to ESI. The resulting vectors (Fig. 3 stepl) between the
midpoint of the stimulated contact pairs and the ESI-dipole of the
stimulation potentials (ESP-dipoles) Eq. 1(1) were then averaged.
Correspondingly, this resulted in the individual error vector Eq.
2(2) and averaged ESP-dipole.

Subsequently, ESI of the averaged scalp EEG-IED was
performed using the same approach but with a fit interval from
the onset to the negative peak of IED. However, because IED
data have a considerably lower signal-to-noise ratio than the
artificial stimulation potentials, a 0.5 to 40 Hz band pass and
a 50 Hz notch filter were applied to mitigate the influence of
noise. This resulted in ESI-dipole of IED (“uncorrected IED-
dipole”) before application of the error vector (Fig. 3, step2). The
inverse of the individual error vector (iIEV) Eq. 3(3) obtained
from the earlier step was applied to the uncorrected IED-dipole,
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resulting in the “corrected IED-dipole” (Fig. 3, step3) Eq. 4(4).
The mathematic formulation of these calculation is as follows:

EV| = Coord. ESPgjpoie1 — Coord. Midpoint stimulated contact pair
EV, = Coord. ESPgipoie2 — Coord. Midpoint stimulated contact pair,

ey
(EV\ + EV,)+2=EV )
(=)EV =iEV 3)

Coord.Uncorrected IED jipoje + IEV = Coord. Corrected IED jipoe
4)

where Coord. = coordinates.

Application of individual iEV was attempted to correct the
localization error, derived from ESI of the IED to improve the
source localization results of the IED. We hypothesized that the
areas covered by the IED-onset contact on the one hand and the
neuronal sources of IEDs on the other hand would be largely
overlapping, although not be completely identical in general.
Accordingly, we assumed similar tissue environments (regarding
conductivity and anisotropy) and depth (in term of distance from
the inner skull). Thus, the effect of such influences on
localization of ESP-dipole and IED-dipole would be comparable.

All coordinates (IED-onset contact, averaged ESP-dipole,
corrected and uncorrected IED-dipoles) were expressed in Talair-
ach space. Euclidean distances from the corrected and uncorrected
IED-dipole to the IED-onset and neighboring contacts were
evaluated (Fig. 3, step 3). The details of electrode localization
and Talairach coordinates registration are as follows: Isotropic
T1 3D-MPRAGE volume MRI was acquired using a 3T scanner
(MAGNETOM Prisma 3.0T, Erlangen, Germany) before implan-
tation of intracranial electrodes. This preimplantation MRI was
also used to create an individual FEM model. Postimplantation CT
(CT Elekta 1.0, Stockholm, Sweden) was acquired for localizing
stereo-EEG and scalp EEG electrodes within 24 hours after
implantation. Electrodes were segmented using the postimplanta-
tion CT data set. Individual stereo-EEG and scalp EEG contacts
were labeled manually according to the clinical documentation.
The CT data set was then coregistered to preimplantation MRI
using a mutual information approach (Curry 7, Compumedics
Neuroscan). The resulting coregistered scalp electrode positions
were used for the ESI. The preimplantation MRI was registered in
Talairach space, which subsequently allowed expressing electrode
localizations from CT in standardized Talairach coordinates.

Plausibility Evaluation of the Corrected IED-
Dipole Localization

We expected the corrected IED-dipole to locate closer to the
IED-onset contact than the uncorrected IED-dipole. We further
evaluated the corrected localization by

1. checking anatomical locations of corrected IED-dipole on
individual MRI,

2. estimating the putative cortical extent of the IED generators
using the distance from the corrected IED-dipoles to the

clinicalneurophys.com
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FIG. 3. Workflow of determining and applying the individual iEV. Step 1: The averaged scalp EEG-ESP of stimulated contact pairs (light blue,
”TECL 7 and 9”) involving the IED-onset contact (dark blue, “TECL 8”) was subjected to ESI. The resulting vectors (light blue) between the
midpoint of stimulated contact pairs to ESP-dipoles (light blue) were averaged, resulting in the individual error vector (yellow) and location
of the averaged ESP-dipole (green). Step 2: The ESI-dipole of the averaged scalp EEG-IED with stereo-EEG correlates of the earliest IED’s
rising flank at the IED-onset contact (dark blue, “TECL 8”) was determined (red, “uncorrected IED-dipole”). The inverse of individual error
vector (iEV) determined in step 1 (yellow) was applied (subtracted), resulting in the “corrected IED-dipole” (magenta). Step 3: The difference
between the location of the IED-onset contact and the “corrected IED-dipole” (magenta) and the “uncorrected IED-dipole” (red) was

determined (orange/small and green/big arrows respectively).

stereo-EEG contacts recording IED amplitudes above an
assumed noise level of approximately 70 wV as a radius to
calculate for the cortical involvement;

3. correlating the distance between the corrected/uncorrected
IED-dipoles and IED-onset/neighboring contacts to the am-
plitudes recorded on those contacts by curve fitting. Only
contacts with amplitudes =70 wV were included, assuming
that IED below this threshold disappear in background noise.
For anterior temporal IED, we used electropositive potentials,
recorded by the majority of stereo-EEG contacts sampling
from subcortical white matter. The electropositive represents
the nonexcited membrane of the soma and basal dendrites in
respect to the depolarized apical dendritic membrane, which
become extracellularly electronegative during the synaptic
excitation of a cortical pyramidal neuron.!?!3 For prefrontal
IED, we used electronegative potentials, recorded by most of
the contacts sampling from the cortex and the suspected
cortical dysplasia. All IED amplitudes were measured using

clinicalneurophys.com

peak analysis (BESA Research 7.1, BESA GmbH, Grifeling,
Germany); and

4. measuring the distance of the corrected IED-dipole to the MRI
lesion (patients no. 5 and 6).

Finally, we investigated the effect of varying different skull
conductivity values (SSCR) on the determination of the individ-
ual iEV and its application to the uncorrected IED-dipole. To this
end, the analysis procedure of both averaged scalp EEG-ESP and
averaged scalp EEG-IED were repeated, using SSCR from 1:8 to
1:330.

Statistical Analysis

Because of non-normal distribution of the data, median and
interquartile range are reported. The correlation between the
distance from the corrected IED-dipole to stereo-EEG electrode
contacts and IED amplitude was determined using curve
estimation with SPSS 16.0 (IBM, New York, NY) to find
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a best-fit model. The difference between the distances from
corrected and uncorrected IED-dipoles to the IED-onset contact
using various skull conductivities were determined using 2-
related samples Wilcoxon signed-rank test. The effect of different
skull conductivities on the distance from corrected IED-dipole
and uncorrected IED-dipole to the IED-onset contact was
determined using K-related samples Friedman test. The differ-
ence between the anatomical locations of corrected and uncor-
rected IED-dipoles on individual MRI were determined by
Fisher’s exact test. Significance was set at P < 0.05.

RESULTS

Locations of IED-Dipole before and after
Application of the Individual iEV

Five clusters of anterior temporal IED from four patients
(one with bilateral temporal IED, no. 2) and two clusters of
prefrontal IEDs from two patients (no. 5 and 6) were evaluated.
The IED-onset contacts in the patient with prefrontal IED did not
only show IED but also ictal epileptic discharge. Median
goodness of fit was 94.8% (IQR 6.6%) for seven uncorrected
IED-dipoles. For 12 locations of ESP-dipole, median goodness of
fit was 98.4% (IOR 10.1%). In patient no. 2, electrical stimulation
data were only available from the stereo-EEG electrodes
implanted in the right temporal lobe. We thus mirrored the iEV
obtained for the right temporal ESP along the sagittal plane and
subsequently applied this mirrored iEV to uncorrected IED-
dipole originating in the left temporal lobe. Goodness of fit of
uncorrected IED-dipole was 90.5% on the right side and was
90.4% on the left side.

Uncorrected IED-dipoles were located on average 18.7 mm
(IOR 10.7 mm) from the IED-onset contact. After applying
individual iEV, corrected IED-dipoles were located on average
7.6 mm (IQR 2.5 mm) from the IED-onset contact. Distances
from corrected IED-dipole to the IED-onset contact were
significantly shorter than the distances from uncorrected IED-
dipoles to the IED-onset contact (P = 0.02). In patients no. 5 and
6 with suspected FCD, the distances of IED-dipole to the putative
lesion identified by MAP18 on the MRI were 9.8 and 5.6 mm
before and 4.5 and 6.6 mm after applying the individual iEV.

Anatomical Locations, Estimated Cortical Extent of
IED Generators, and Distance—
Amplitude Correlation

While most uncorrected IED-dipoles were located in sub-
cortical white matter areas, we found that all corrected IED-dipoles
of the anterior temporal IED cluster were located in cortical or
corticosubcortical structures (Fig. 4, leff). The spacing of stereo-
EEG contacts in the temporal lobe provided the opportunity to
evaluate stereo-EEG IED amplitudes in relation to the distance
from the corrected and uncorrected IED-dipoles (Fig. 4, right). We
assumed that corrected IED-dipoles better approximate the
location of IED sources as their locations were not restricted to
the fixed placement and sampling of stereo-EEG electrodes.
Assuming noise level of approximately 70 wV, similar to the
previous study by Tao et al,'# we estimated the cortical extent of
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IED generators, from the corrected IED-dipole. Median cortical
extent of IED generators was 16.5 cm? (IQR 10.4 c¢m?, range
15.1-29.9 cm?) and 7.4 cm? (range 5.8-9.2 cm?) in the group of
anterior temporal IED and prefrontal IED, respectively.

Curve fitting was applied to the distances from corrected and
uncorrected IED-dipoles to the IED-onset and neighboring
stereo-EEG contacts (d on x-axis) in comparison to IED
amplitudes (a(d) on y-axis) to find the best fit to these
correlations. These correlations of corrected IED-dipoles could
be fitted well with negative power functions (a(d) « 1/d®) (Fig. 5,
leff). The median of R?, providing a measure of model fit, was
0.87 (IQR 0.17). Significance of model fit for corrected IED-
dipole to negative power function were R?> = 0.87, F(1, 14) =
93.2, P < 0.01 in patient no. 1; R = 0.82, F(1, 18) = 83.4, P <
0.01 in patient no. 2(Rt); R = 0.91, F(1,14) = 148.9, P < 0.01
in patient no. 2(Lt); R? = 0.74, F(1, 22) = 64, P < 0.01 in patient
no. 3; R = 0.93, F(1, 10) = 139.8, P < 0.01 in patient no. 4;
R?>=0.75, F(1,4) = 12, P = 0.03 in patient no. 5; and R?> = 0.88,
F(1,10) = 749, P < 0.01 in patient no. 6. Amplitudes (a)
decreased approximately by the inverse of the distances (d) to the
power b, with b ranging from 0.79 to 2.3, median 1.57 (/IOR
0.87). Given higher values of b, IED amplitudes showed a steeper
decline with increasing distance. The correlations of uncorrected
IED-dipoles varied interindividually and could not be fitted by
a common model (Fig. 5, right).

Effect of Applying Different Skull Conductivities

We further investigated the effect of varying skull conduc-
tivities (SSCR between 1:8 and 1:330) during ESI for averaged
scalp EEG-ESP and averaged scalp EEG-IED on the locations of
averaged ESP-dipole, individual iEV, and locations of uncor-
rected and corrected IED-dipoles. Across all examined SSCR,
the effect on the distances from corrected IED-dipoles to the
IED-onset contacts was insignificant (2 (10, 11) = 15.7, P =
0.1, Fig. 6). However, higher skull conductivities i.e., SSCR 1:8
to 1:28 produced significantly larger errors from uncorrected
IED-dipoles to the IED-onset contacts (x> (10) = 35.1, P <
0.001 for SSCR 1:8; x? (9) = 24, P = 0.004 for SSCR 1:16; x>
(8) =19.3, P =0.01 for SSCR 1:24; and x? (7) = 16.1, P = 0.02
for SSCR 1:28, Fig. 6). Using SSCR of 1:8 and 1:16, the
distances from corrected IED-dipoles to the IED-onset contacts
were significantly smaller than from uncorrected IED-dipoles
(Z =-22, P = 0.03 for both SSCR, see Table, Supplemental
Digital Content 2, http:/links.lww.com/JCNP/A336). More-
over, proportions of corrected IED-dipoles located in cortical
or cortico-subcortical structures or adjacent to suspected FCD
(patients no. 5 and 6) were significantly higher when using SSCR
1:8 and 1:16 (P = 0.02-0.08, see Figure, Supplemental Digital
Content 1, http:/links.lww.com/JCNP/A337).

DISCUSSION

By applying individual iEV obtained from electrical stim-
ulation of stereo-EEG contacts, we were able to significantly
improve EEG source localization results of IED. In this proof of
principle analysis, IED-dipoles shifted closer to an anatomically
and physiologically plausible location. For all IED clusters, the
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8 i
‘qg Patient 1

FIG. 4. Spatial relationships between corrected and
uncorrected IED-dipoles, averaged ESP dipole and stereo-
EEG IED-onset contacts in five temporal clusters derived
from patients no. 1-4. Left: Locations of IED-onset con-
tacts in red, averaged ESP dipoles in magenta, uncor-
rected IED-dipoles in blue, and corrected IED-dipoles in
green displayed on the individual postoperative CT cor-
egistered to the preoperative T1-weighted MRI. The
yellow/light arrows represent the individual error vec-
tors, and the blue/dark arrows represent the inverse of
the individual error vectors (iEV) with their length in
millimeters. Right: Locations of corrected IED-dipoles
(green) and stereo-EEG contacts displayed on surface
rendered MRI in different colors, according to the IED
amplitudes: red for amplitudes >500 wV, orange for
amplitudes >200-500 wV, yellow for amplitudes 70-200
WV, white for amplitudes <70 WV, blue for electroneg-
ative activity. The dark blue arrow point at the IED-onset
contacts.

localization error between locations of IED-dipole and the IED- the presumed sites of IED generators were located in cortical or
onset contact became smaller, the median distance significantly corticosubcortical structures, in contrast to the uncorrected
decreased from 18.7 to 7.6 mm. After applying individual iEV, results, which was implausibly located in the subcortical white

clinicalneurophys.com Journal of Clinical Neurophysiology Volume 00, Number 00, Month 2025 7



K. Unnwongse, et al. Error Vectors Improve Source Localization Results

Patient no.1 corrected IED-dipole

uncorrected IED-dipole

Patient no.4 corrected IED-dipole

uncorrected IED-dipole

500 ] 500~ o
vl R?=0.87 por o R?=0.40 R?=0.933 R?=10.394
y = 1060 x °7 y =2892x ' 400 o y=22202x"% | 00 o y=7x'8
300 300 3005 o
200 200 2007
°
100 o0
100 100+ o
T T T v T T T v T T T
10 20 30 0 10 20 30 10 20 30

uncorrected [ED-dipole

uncorrected IED-dipole

1000 1000 100 o 100
R?=0.82 O  R=0.053 R?=0.749
soo] o y=19395x 16 | o | ® y =56 x° o  Yy=9325x2
600 600 o o A
(o] o 50 50
400 400 o
° 45 %
200 2004 O ) p
o
00 ° R} o =
v T T T T v T T T T m v T T T v T T T
10 20 30 40 10 20 30 40 .g 10 20 30 10 20 30
o
Patient no.2 (Lt) corrected IED-dipole uncorrected IED-dipole g' Patient no.6 corrected IED-dipole uncorrected |[ED-dipole
800 800 @ 3001 300+
R?=0.914 o R=0.009 . R?=0.882 R?=0.712
o y = 16540 x-'¥' o y=tlox» [ .2 ° y = 46740 x°2° o Y=43370x2%
600 o X
©
y 2007
>
400
®
8 100
200 @ oo
% Qo
v T T T T b4 T T T T 0 T T T L T T T
10 20 30 40 0 10 20 30 40 [1] 10 20 30 10 20 30

Patient no.3 corrected IED-dipole

uncorrected |[ED-dipole

1000 1000
2= 2
o R=0744 o R=004
800 y = 6477 x — y=30x"
600+ 600
o
400+ 400+
1o
o
200+ 200 S 8
0% @5 %
v T T T T v T T T T
0 10 20 30 40 10 20 30 40

X-axis: distance in mm Y

FIG.5. Correlations of distance from corrected and uncorrected IED-dipoles to the IED-onset contacts (x-axis) and IED amplitudes recorded
on |IED-onset and neighboring contacts (y-axis). For the corrected IED-dipoles (left), a negative power function could be fitted for all IED

clusters. For the uncorrected IED-dipoles (right), this was not the case.

matter. Using higher skull conductivities (SSCR 1:8 or 1:16)
resulted in closer distances from the corrected IED-dipoles to the
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IED-onset contacts than SSCR of 1:80, which is applied as
a standard tissue conductivity ratio for ESI in the clinical setting.
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The difference between our ESI results of temporal IED and
the study by Wennberg and Cheyne!> may derive from several
technical reasons. They found the presumed sources of anterior
temporal spikes using equivalent current dipole as a source
model localized within 14—76 mm of the spike generator, defined
by intracerebral EEG. Our results show a considerably smaller
localization error even before applying the individual iEV. This
smaller localization error can be explained by (1) the higher
number of scalp electrodes applied in our study, (2) our use of
different skull conductivities, and (3) application of a four-
compartment finite element head model that also included
modeling the high conductivity of the cerebrospinal fluid.!®!7
Moreover, we estimated the cortical extents of IED generators in
the subgroup of anterior temporal IED by observing the
amplitude fall-off of IEDs. The maximal distance from the
stereo-EEG contact recording an amplitude of approximately
70 WV to the corrected IED-dipoles was calculated as the radius
for cortex involvement. Based on this calculation, our median
cortical extent of generators (16.5 cm?) fell in the range of 10 to
20 cm? of synchronous or temporally overlapping cortex
activation, required for 90% of temporal IED to be present on
scalp EEG reported by a previous study using simultaneous
subdural and scalp EEG.14

We further investigated the correlation between distances to
stereo-EEG IED-onset contacts from corrected IED-dipoles and
IED amplitudes. To the best of our knowledge, this correlation in
humans is not available in the current literature. Previously,
various methods have been applied to evaluate intracerebral
electrode sensitivity and determine distance to neuronal source.
Zaveri et al.'® found that the magnitude of the electrical field
intensity of a static point charge decreases with increasing
distance from its position. Likewise, numerical simulations have
shown that the magnitude of electrical field intensity or the
amplitude (a) of generator signals dropped dramatically within
the first few millimeters of increasing recording distance (d)
(a(d) e 1/d1-2).1° With larger distances, further amplitude de-
creases were seemingly less pronounced. We observed similar
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FIG. 6. Boxplots showing distances from
corrected |IED-dipoles (blue/dark) versus
uncorrected IED-dipoles (green/light) to
the IED-onset contacts. Using various
SSCR from 1:8 to 1:330, the distance from
corrected IED-dipoles to the IED-onset
contacts were insignificantly different

(P = 0.1). However, using SSCR 1:8 to
1:28, distances from uncorrected IED-
dipoles to the IED-onset contacts
increased significantly (P < 0.001-0.02).
Using SSCR of 1:8 and 1:16, distances
from corrected IED-dipoles were signifi-
cantly smaller compared with distances
from uncorrected IED-dipoles to the IED-
onset contacts (P = 0.03 for both SSCR).

correlations (a(d) « 1/d®) with b values between 0.8 and 2.3 in our
patients, using the location of corrected IED-dipoles as sources,
which is concordant with the results from simulations. In
addition, von Ellenrieder et al.!® found that the larger amplitude
of synchronized generators (a(d)oc 1/d) decline slower compared
with unsynchronized generators (a(d) o« 1/d?). This corresponds
to the correlations we observed in the anterior temporal IED
cluster (a(d) «1/d'%) and the prefrontal IED cluster (a(d)e<1/
d??). The variation of the power (variable b) is possibly related to
the degree of synchronization, extent of IED generators, or
histological characteristics of epileptogenic tissue.

Surprisingly, the effect of different skull conductivities
(SSCR from 1:8-1:330) was clearly seen on the distances from
uncorrected IED-dipole but not from corrected IED-dipoles to the
IED-onset contact. We expected that using low skull conductiv-
ities (SSCR higher than 1:80) would result in significantly larger
localization error for the corrected IED-dipoles. A possible
explanation is that the effect of varying skull conductivities on
ESI localization error of ESP and IED was cancelled out after
applying individual iEV. SSCR 1:8 to 1:80 are standard adult
skull:skin conductivity ratios in three-compartment head mod-
els.20 However, lower skull conductivity were also found in
recent six-compartment calibration studies, and even much
higher e.g., 1:180 have also been reported.?!=23 In summary,
tissue conductivities remain a source of uncertainty and will need
to be further taken into account in our individual iEV method-
ology and, more generally, in ESL°

Dipole modeling is a relatively simple way to model the
source of human brain activity.?® Like other inverse methods,
dipole modeling suffers from the fact that possible solutions
outnumber the measured values, given that the different cortical
sources could produce the same electrical field. The focal dipole
is fitted to active cortical sources with spatial extent and complex
configuration; the dipole therefore is placed deeper to represent
the scalp voltage field produced by extended cortical sources.?”-23
The resulting localization of dipole modeling should be inter-
preted as centers of gravity [of current sources (+) and sinks
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(—)], summarizing the surrounding activity. The dipole locates at
an equivalent center below the cortical generator, whereas its
orientation points to the active cortical patch. There are two
reasons for applying dipole modeling in our analysis: (i) ESP
potentials, as substrates for calculation of the error vector, are
focal (point like) sources, dipole modeling was used, as this has
been shown to provide higher localization accuracy than
distributed methods.?® For the IED, which subsequently was
subtracted by the error vector, we applied the same inverse
method as, in our opinion, the resulting localization errors of both
activities would be comparable i.e., no additive error, resulting
from using different inverse solutions. (ii) Despite the above-
mentioned limitation, the clinical value of ESI of epileptic
discharges using dipole modeling in the presurgical evaluation
has been demonstrated to outperform distributed methods at the
sublobar level when epileptogenic zones defined by stereo-EEG
were used as a gold standard.*>-30-33

In this study, we determined the systematic error vector map
of ESI based on a state-of-the-art four-compartment (skin, skull,
CSF, brain) realistic head model, using stimulation potentials
(ESP) of known sources in a group of epilepsy patients. We then
applied the determined map in a postprocessing step to correct
the overall results of source localization of IED using the same
head modeling approach. We acknowledge the following
limitations:

1. The iIEV was specific to the individual, area of the brain,
source depth, four-compartment volume conduction and
source modeling method (dipole fitting), tissue
conductivities/anisotropies, and the like.®1%-3* Nevertheless,
in patient no. 2, we successfully applied the iEV obtained
from the right anterior temporal area to uncorrected IED-
dipole originated in the left anterior temporal area. Our future
plan is to develop regional specific (sublobar region-matched
and depth-matched) iEV and area-specific (area-matched, age-
matched and gender-matched) iEV that can be applied in
respective patients in whom the source of IED are not known.
In principle, other source modeling methods consisting of
dipole source model, e.g., CLARA, could potentially benefit
from an iEV strategy. However, this would have to be tested.

2. We used high number of monomorphic IEDs with high
signal-to-noise ratio to achieve a good model fit in ESI. Future
work also needs to include ictal patterns, which often have
a small number of less monomorphic discernible potentials
with a lower signal-to-noise ratio.

3. We have to expect that source localization errors of IED
before application of iEV might partly be due to fitting a focal
dipole source to a more extended IED source patch, which
will result in a depth localization error.>> Our iEV cannot
compensate for such mismodeling of source extent.

Outcome and prognosis after surgical resection clearly
depend on the extent of resection guided by intracerebral
EEG.3¢ Here, we describe an empirical method to better estimate
the location of neuronal sources of IED that would help to outline
surgical resections, especially in nonlesional cases, or to plan
further intracerebral electrode placement. In both the explorative
and the confirmative scenario, precision of ESI is a prerequisite

10 Journal of Clinical Neurophysiology Volume 00, Number 00, Month 2025

for successful intracerebral workup and all resulting decision
making. Therefore, we should aim at ESI precision in the range
of <10 mm from the epileptic discharge generator. The presented
method to correct EEG source localization of IED by applying
individual iEV, derived from electrical stimulation at the contact
closest to the invasively generated focus hypothesis may
contribute to achieve this precision.

CONCLUSIONS

Application of individual inverted error vector improves
current standard EEG source localization results of interictal
epileptic discharges. This may optimize planning of presurgical
intracerebral EEG evaluation and surgical treatment in pharma-
coresistant epilepsy, in particular in nonlesional cases.
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