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SUMMARY

Objective: To assess the visibility and detectability in scalp electroencephalography
(EEG) of cortical sources in frontal lobe epilepsy (FLE) as to their localization, and the
extent and amplitude of activation.

Methods: We analyzed the simultaneous subdural and scalp interictal EEG recordings
of 14 patients with refractory frontal lobe epilepsy (FLE) associated with focal cortical
dysplasia. Subdural spike types were identified and averaged for source localization
and detection of their scalp EEG correlates. Both raw and averaged scalp EEG seg-
ments were reviewed for spikes, blinded to subdural segments. We further analyzed
the correlation of spike-to-background amplitude ratios in subdural and scalp EEG.
Results: We identified 36 spike types in subdural EEG, corresponding to 29 distinct
sources. Four of 29 sources were visible by visual evaluation of scalp EEG and six addi-
tional sources were detectable after averaging: four in the medial frontal, two in the
dorsolateral gyri, two in the depth of dorsolateral sulci, and two in the basal frontal
region. Cortical sources generating scalp-detectable spikes presented a median of
6 cm? of activated cortical convexity surface and a subdural spike-to-background-
amplitude ratio >8. These sources were associated with a higher number of activated
subdural grid contacts and a higher subdural spike-to-background amplitude ratio than
sources generating non-scalp-detectable spikes.

Significance: Not only dorsolateral but also basal and medial sources can be detectable
in FLE. This is the first in vivo demonstration derived from simultaneous subdural and
scalp EEG recordings of the complementary significance of extensive source activation
and higher subdural spike-to-background amplitude ratio in the detection of cortical
sources in FLE.

KEY WORDS: Source localization, Intracranial recordings, Refractory epilepsy.

Several in vitro, in vivo, and simulation studies have been
conducted to clarify the interrelations of scalp and intracra-
nial electroencephalography (EEG) findings (Abraham &
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Marsan, 1958; Cooper et al., 1965; Ebersole, 1997; Kobay-
ashi et al., 2005; Tao et al., 2005, 2007; Cosandier-Rimélé
et al., 2008). This issue is of cardinal importance in
epilepsy management, with scalp EEG constituting a major
localizing tool from the primary diagnosis and epilepsy
classification to the planning of an intracranial investigation
or of a resection in a refractory course. It is noteworthy that
previous in vivo studies, both historic and contemporary,
have been conducted exclusively in temporal lobe epilepsy
(TLE; Abraham & Marsan, 1958; Tao et al., 2005; Ray
et al., 2007; Tao et al., 2007). Therefore, there is an impera-
tive need to extend these observations to extratemporal and
particularly to frontal lobe epilepsy (FLE), which consti-
tutes a challenge regarding both electroclinical correlations
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(Quesney et al., 1992; Salanova et al., 1993; Bautista et al.,
1998) and epilepsy surgery outcomes (Englot et al., 2012).

FLE studies have indeed reported 12-37% of patients
without any interictal scalp EEG spikes at all, and a predom-
inance of widespread unilateral or bilateral interictal spikes
in the remaining cases (Quesney et al., 1992; Salanova
et al., 1993; Bautista et al., 1998; Elsharkawy et al., 2008).
Focal interictal spikes have been observed in scalp EEG
recordings, mainly in association with dorsolateral frontal
sources, whereas medial and orbitofrontal sources have
been reported to give rise to bifrontal spikes, if any, with
unilateral, albeit often falsely lateralizing, predominance
(Quesney et al., 1992; Bautista et al., 1998; Smith et al.,
2004). Factors contributing to the disparity between scalp
EEG spikes and their cortical substrates include the inacces-
sibility of large parts of the frontal lobe to scalp electrodes,
the extent of intralobar and interlobar connections, and the
presence of secondary bilateral synchrony (Kellinghaus &
Liiders, 2004).

As a result of this disparity, intracranial recordings still
remain mandatory to localize the cortical sources of inte-
rictal and ictal discharges in refractory FLE (Englot
et al., 2012). In a recent study, we showed that electrical
source localization (ESL) derived from subdural interictal
EEG spikes in FLE can improve the accuracy of cortical
generator localization, both in terms of gyral and deep
sulcal resolution (Ramantani et al., 2013b). Simultaneous
scalp and intracranial EEG recordings combined with
ESL provide a unique opportunity to study the interrela-
tions between cortical generators and their subdural and
scalp correlates.

In this study, we aimed to assess the scalp EEG detect-
ability of cortical sources in FLE as delineated by subdural
EEG recordings. For this purpose, we retrospectively com-
pared the localization, extent, and amplitude of cortical acti-
vation as to the presence of simultaneous scalp EEG
correlates. We chose to investigate patients with epilepsy
associated with focal cortical dysplasia (FCD; Bast et al.,
2006), the prevailing etiology in refractory FLE.

PATIENTS AND METHODS

Patients

Fourteen patients with refractory FLE associated with
FCD and (1) extensive intracranial coverage of the frontal
lobe with subdural grid and strip electrodes, (2) simultaneous
scalp EEG recordings, (3) technically flawless interictal
recording segments of >30 min in calm wakefulness, and
(4) clinically validated ESL (Ramantani et al., 2013a), were
included in this study. Patients with substantial intracranial
hemorrhage or skull defect were excluded. The patient
group comprised five male and nine female patients, aged
14-50 years (mean 30). The study was granted approval by
the institutional research ethics board. All patients gave
their written informed consent.

Methods

EEG recordings and electrode positions

Grid and strip electrode description, placement, and posi-
tions were previously reported (Ramantani et al., 2013b).
The coverage and number as well as the gyral localization
of subdural electrode contacts are given in Table 1.

Simultaneous scalp EEG recordings with electrodes
placed according to the 10-20 system (Koessler et al., 2009)
using sterile procedures were also available. Occasionally,
1-2 electrodes were slightly displaced from their standard
positions to avoid the surgical scars and local edema, usually
near the scalp incision in the frontocentral region.

Simultaneous scalp and subdural EEG recordings were
obtained using a Neurofile NT digital video-EEG system
(Ramantani et al., 2013b).

Interictal spike detection, selection, and analysis

Subdural EEG segments of >30 min in calm wakefulness
were carefully chosen to include an adequate number of in-
terictal spikes and avoid ictal events or preictal changes.
Sharp transients that appeared less than three times in
selected segments, as well as segments of polyspikes (>2
spikes in 200 msec) and activity in the beta or gamma range
were visually detected and excluded.

The resulting segments were reviewed using both bipolar
and referential montages, and interictal spikes were identified
according to the International Federation of Societies for
Electroencephalography and Clinical Neurophysiology
(1983) recommendations and marked at the time point of their
highest amplitude. In view of the multitude of identified inte-
rictal spikes, spike types were defined to describe spikes of
similar spatiotemporal distribution that were presumed to cor-
respond to a single generator. Each spike type was topograph-
ically characterized by (1) the dominant contact with
maximum amplitude, as defined in a referential montage
(Tables 1 and 2), and (2) the amplitude ratio between the
spike peak and the mean background activity, calculated in
an interval of (—500; —250) and (+250; +500) msec around
the peak (Table 2). Subdural EEG spikes of the same type
were subsequently averaged to serve for (1) ESL, and (2)
detection of their scalp EEG correlates. ESL performed by
MUSIC (MUTtiple SIgnal Classification; Mosher et al., 1992,
1999) and sLORETA (standardized low-resolution brain
electromagnetic tomography; Hamalainen and Ilmoniemi,
1994; Pascual-Marqui, 2002) was applied to refine the infor-
mation obtained by visual analysis of subdural spikes and thus
served as the reference for localizing their cortical sources,
according to the topography of the activation maximum.

Simultaneous scalp and subdural EEG raw segments were
separately and independently analyzed by two experienced
epileptologists (GR, LGM). In a first step, interictal spikes
were annotated in scalp and subdural EEG recordings. Over-
all, 21-576 spikes (median 194), corresponding to 3—463
(median 91) spikes of each designated spike type, were
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marked in each subdural EEG segment (Table 2). Spikes
presumably arose from a common source when the peaks
marked in scalp and subdural EEG recordings were within
10 msec of each other. This interval was chosen because
markers were set manually and therefore rather approxi-
mately. In a second step, scalp and subdural EEG epochs
were averaged using this annotation as a trigger and subse-
quently analyzed. In all but three cases, at least 10 subdural
EEG spikes of each spike type were available for averaging.
The first step allowed the identification of scalp spikes with
a high spike-to-background amplitude ratio that were visible
in routine EEG interpretation. The second step allowed the
identification of scalp EEG spikes with a low spike-to-back-
ground amplitude ratio that were not visible in raw scalp
EEG recordings but were rendered detectable by averaging.

The gyral area of cortical activation corresponding to an
interictal EEG spike was estimated as the number of adjacent
subdural grid electrode contacts demonstrating concurrent
depolarization (Tao et al., 2005). This estimation is relevant
solely for convexity sources, sufficiently resolved by the sub-
dural grid contacts. The orbitofrontal and medial frontal
regions were sampled by a limited number of irregularly dis-
tributed subdural strip contacts, which prohibited an accurate
estimation of the spatial extent for interictal spikes originat-
ing in these regions. In these latter cases, the gyral area of cor-
tical activation was clearly underestimated, since the sources
were located remote from the subdural grid electrodes.

Descriptive and statistical analysis

In a first step, we assessed the source visibility in scalp
EEG according to their localization as provided by ESL and
the visual analysis of subdural recordings (Ramantani et al.,
2013b). In a second step, we assessed the source detectabil-
ity in scalp EEG according to the gyral area of cortical acti-
vation and spike-to-background amplitude ratio. The
number of activated subdural grid contacts and the subdural
spike-to-background amplitude ratio was compared
between cortical sources generating scalp EEG detectable
spikes and cortical sources generating no scalp EEG detect-
able spikes. We further assessed the correlations between
the spike-to-background amplitude ratios of subdural and
scalp averaged EEG spikes and the relation of the amplitude
of scalp-detectable spikes to the number of activated grid
contacts. Finally, we analyzed the spatial distribution of
scalp EEG spikes corresponding to detectable cortical
sources. Statistical analysis (Wilcoxon signed-rank test)
was conducted using R version 2.15.1 (R Foundation for
Statistical Computing, Vienna, Austria). The significance
level for all tests was setat p < 0.05.

RESULTS

Localization of intracerebral sources
Visual analysis of subdural recordings revealed 36 spike
types in 14 patients, with an average of three spike types per
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patient (range 1-5), corresponding to 29 distinct cortical
sources (Table 2). All sources were localized within sub-
dural electrode coverage. Seven sources were localized in
the medial frontal gyri (Fig. 1), seven in dorsolateral gyri,
10 in the depth of dorsolateral sulci (Fig. 2), and five in the
basal or orbitofrontal gyri (Fig. 3).

Twenty-eight of 29 sources were adjacent to the domi-
nant subdural contact. However, 5 of these 28 sources also
corresponded to an additional spike type with a dominant
subdural contact remote to the source. Three of these five
sources were localized in the depth of the superior frontal
sulcus and generated spikes visible on both lateral and med-
ial subdural contacts, one was localized in the orbitofrontal
region and generated spikes visible on both basal and lateral
ventral contacts, and one was located in the anterior cingu-
late gyrus and generated spikes visible on both medial and
lateral contacts. The only source fully remote from the dom-
inant contact was localized in the medial aspect of the supe-
rior frontal gyrus, whereas the dominant contact was lateral
prefrontal (Table 2).

Source visibility and detectability in scalp EEG in
relation to their localization

Only 4 of 29 cortical sources produced spikes visible by
routine visual evaluation of simultaneous raw scalp EEG
recordings (Table 2): two sources localized in the superior
frontal sulcus, one in the superior frontal gyrus, and one in
the orbitofrontal region (Figs. 2 and 3).

After averaging, 10 of 29 (six additional) sources were
detectable: 4 of 7 in the medial frontal, 2 of 7 in the dor-
solateral gyri, 2 of 10 in the depth of dorsolateral sulci,
and 2 of 5 in the basal-frontal regions (Table 2). Two of
four detectable medial frontal sources were localized in
the premotor medial aspect of the superior frontal gyrus,
and two in the cingulate gyrus (Fig. 1); none were visible
before averaging. One of two detectable dorsolateral
gyral sources was localized in the superior frontal gyrus
and was visible before averaging, and one was localized
in the middle frontal gyrus and was not visible before
averaging. Both detectable dorsolateral sulcal sources
were localized in the depth of the superior frontal sulcus
(Fig. 2) and were visible before averaging. Both detect-
able frontobasal sources were localized in the medial
polar orbitofrontal cortex, and one was visible before
averaging (Fig. 3).

Source detectability in scalp EEG in relation to the
extent and amplitude of dorsolateral cortical activation
Subdural EEG spikes detectable in simultaneous scalp
EEG presented a 116-616 pV amplitude and an 8-66 spike-
to-background amplitude ratio. The number of subdural grid
contacts involved in scalp-detectable cortical spikes were
0-14 (median 6), thus roughly corresponding to a cortical
convexity activation of 0-14 cm?®. In contrast, subdural
EEG spikes not detectable in scalp EEG presented a
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Figure 1.

Patient 9, with a premotor source localized in the medial part of the left superior frontal gyrus. lllustration of the source reconstruction
by MUSIC (A), the subdural electrode coverage (B), subdural EEG and scalp EEG averaged spikes (C), and the 3D overlay of the subdural
and scalp amplitude map (D), with the sphere diameters corresponding to the amplitude of the subdural EEG spike. The subdural EEG
average, presenting an activation of six dorsolateral and two medial contacts, corresponds to a bilateral frontocentral averaged scalp EEG
spike, with the highest amplitude in electrodes Cz/Pz/C3/P3.

Epilepsia © ILAE

0 SOURCES e SUBDURAL G SUBDURAL SCALP @ SUBDURAL AND
COVERAGE EEG AVG EEG AVG SCALP
= f.“ = AMPLITUDE MAP

1000 pv 000 v
f | 1500

-
s
=
=
=
-

| H.sm
a0 L 250ms W

Figure 2.

Patient 8, with a dorsolateral premotor source localized in the depth of the left superior frontal sulcus. lllustration of the source recon-
struction by MUSIC (A), the subdural electrode coverage (B), subdural EEG and scalp EEG averaged spikes (C), and the 3D overlay of the
subdural and scalp amplitude map (D), with the sphere diameters corresponding to the amplitude of the subdural EEG spike. The subdural
EEG average, presenting an activation of | | dorsolateral subdural contacts, corresponds to a left and medial frontocentral and parietal
averaged scalp EEG spike, with the highest amplitude in electrodes Cz/Pz/F3/C3/P3.
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43-276 nV amplitude range and a 3-24 spike-to-back- The number of activated subdural grid contacts and the
ground amplitude ratio and involved 0-8 subdural grid subdural spike-to-background amplitude ratio were signifi-
contacts (median 2). cantly higher (p < 0.001 and p = 0.002, respectively) for
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Patient 12, with a mesial orbitofrontal source localized in the medial and polar part of the left orbitofrontal cortex. Illustration of the
source reconstruction by MUSIC (A), the subdural electrode coverage (B), subdural EEG and scalp EEG averaged spikes (C), and the 3D
overlay of the subdural and scalp amplitude map (D), with the sphere diameters corresponding to the amplitude of the subdural EEG
spike. The subdural EEG average, presenting an activation of four frontobasal subdural contacts, corresponds to a bilateral left predomi-
nant frontopolar, basal and temporal scalp EEG average spike, with the highest amplitude in electrodes Fpl, F7, T3.
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sources generating scalp-detectable spikes compared to
sources generating no scalp-detectable spikes. The respec-
tive subdural and scalp spike-to-background amplitude
ratios of scalp-detectable spikes were strongly correlated
(Fig. S1; p = 0.002). Furthermore, the amplitude of aver-
aged scalp-detectable spikes was related to the number of
activated grid contacts (p < 0.001).

Spatial distribution of detectable cortical sources in
scalp EEG

All four detectable medial frontal sources (two in the cin-
gulate gyrus and two in the medial part of the superior fron-
tal gyrus) projected to midline dominant scalp electrodes
(Cz in four cases with additional Fz and Pz in two cases).
Additional ipsilateral or contralateral frontocentral scalp
electrodes were involved in one and two cases, respectively.
Both orbitofrontal sources generating scalp-detectable
spikes (Fig. 3) projected to ipsilateral frontopolar and tem-
poral electrodes (Fp1, F7, T3). Moreover, detectable dorso-
lateral sources localized in the superior frontal gyrus or in
the superior frontal sulcus projected to midline electrodes
(Fz, Cz, or Pz) in all three cases and involved additional
ipsilateral frontal-centroparietal electrodes (F3, C3, P3)
in one case (Fig. 2). The remaining detectable gyral
dorsolateral source localized in the middle frontal gyrus
and projected to additional bilateral centroparietal scalp
electrodes. In this last case, a careful analysis of the temporal
dynamics of the scalp spike showed a 20 msec delay

Epilepsia, 55(2):278-288,2014
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between the spikes recorded on C3 and C4, thus suggesting
that the right scalp spike was related to propagation rather
than to volume conduction from the left middle frontal
gyrus source to the contralateral scalp electrodes.

DiscuUSSION

The identification of the cortical sources of EEG consti-
tutes a fundamental issue in electrophysiology, and the
matching of scalp signals to their cortical substrates is an
important key in decoding these complex source-signal
interrelations (Abraham & Marsan, 1958; Tao et al., 2005,
2007). To our knowledge, our study is the first to analyze
simultaneous subdural and scalp EEG recordings in FLE to
address the issue of cortical substrates for scalp spikes. Fur-
thermore, this represents the first attempt to use both visual
analysis and ESL of subdural EEG recordings in refining
the localization and adding a three-dimensional (3D) per-
ception of cortical substrates.

Visibility of sources in raw scalp EEG

In our study, we showed that most frontal lobe sources
failed to generate scalp-visible spikes. Indeed, only 14%
sources had scalp EEG correlates visible in routine analysis.
This is much lower than the 63-88% rates previously
reported in nonsimultaneous subdural- and scalp-EEG
recordings (Quesney et al., 1992; Salanova et al., 1993;
Bautista et al., 1998; Elsharkawy et al., 2008). This cannot
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be attributed to the limited spatial 10-20 scalp-sampling
that was also applicable to all previous studies. This discrep-
ancy may be due to a selection bias related to the improved
magnetic resonance imaging (MRI) detection of epilepto-
genic lesions such as FCD nowadays. These patients may
present more spatially limited irritative zones, less likely to
generate interictal EEG scalp spikes visible in routine inter-
pretation. Moreover, this discrepancy is largely related to
methodologic issues, since past studies compared the results
of nonsimultaneous scalp- and subdural-EEG recordings,
thus preventing accurate spatial correlations between the
cortical substrates of scalp and subdural spikes, while
increasing the probability of sampling interictal spikes. On
the other hand, in simultaneous scalp- and subdural-EEG
recordings, the attenuation effect of the silastic membrane
of the grid may account for lower spike visibility (Lanfer
et al., 2013). However, this effect has been minimized in
our study by carefully inspecting and selecting scalp EEG
segments for the absence of amplitude asymmetry.

In line with previous reports (Quesney et al., 1992; Sala-
nova et al., 1993; Bautista et al., 1998), three of four scalp-
visible interictal EEG spikes in our study corresponded to
sources localized in the lateral convexity, particularly in the
superior frontal sulcus or superior frontal gyrus. Only one
case of a scalp-visible interictal EEG spike corresponded to
a medial orbitofrontal and polar source.

Overall detectability of sources in averaged scalp EEG

After averaging of subdural interictal EEG spikes, six
additional sources were rendered detectable in scalp-EEG.
Averaging allows increasing the signal-to-noise ratio by
attenuating the background activity and thus the contribu-
tion of nonepileptic cortical sources (Abraham & Marsan,
1958). This suggests that the very low visibility of FLE inte-
rictal sources is partly linked to cortical activity generated
in adjacent regions (Ramantani et al., 2006). The signifi-
cance of this was emphasized recently in a study using a
realistic model of cortical and scalp EEG generation at sei-
zure onset (Cosandier-Rimél€ et al., 2012). Our study is the
first to quantitatively assess this parameter in vivo, in the
context of FLE. The elimination of background activity
revealed not only medial or basal frontal but also dorsolat-
eral cortical sources that would otherwise be undetectable in
scalp EEG. However, it should be noted that averaging did
not enhance detectability when applied to <10 subdural
EEG spikes, as was the case in three spike types correspond-
ing to dorsolateral cortical sources.

It is important to note that in our study, there were no sys-
tematically detectable or undetectable cortical source local-
izations. Indeed, even spikes originating from sources
adjacent to the convexity may be missed by scalp record-
ings. Conversely, 8 of 22 sources in the medial frontal gyri,
in the depth of dorsolateral sulci, or in the orbitofrontal
cortex were detectable, whereas these regions have been
reported to generate spikes escaping routine scalp EEG

interpretation (Quesney et al., 1992; Salanova et al., 1993;
Bautista et al., 1998; Smith et al., 2004). The detectability
of mesial frontal as well as orbitofrontal sources may be
partly attributed to the breach effect of the overlying crani-
otomy in simultaneous scalp- and subdural-EEG recordings.
However, this still constitutes an important finding, espe-
cially since we have largely counteracted this effect by rul-
ing out patients with substantial skull defects.

Detectability and scalp EEG correlates of medial frontal
sources

Two of four medial detectable sources were located in
the medial premotor aspect of the superior frontal gyrus,
and two in the cingulate gyrus. Sources restricted to medial
frontal lobe structures are believed to be less detectable due
to the horizontal orientation of resulting neuronal currents
and the distance to the frontocentral scalp electrodes (Bau-
tista et al., 1998). In our study, however, these sources did
not present a lower detectability compared to lateral con-
vexity sources. Three medial detectable sources were
located in the premotor areas, including the mid-cingulate
motor cortex. The specific cytoarchitectonic characteristics
of this agranular cortex—and especially of the mid-cingu-
late cortex, with a high density of pyramidal cells in layer V
(Vogt et al., 2003), as well as its highly functional cortico-
cortical connections facilitating the rapid spread of epileptic
discharges, may account for this detectability (Matsumoto
et al., 2007). All detectable medial sources had a common
projection on midline electrodes, reflecting the fact that
their spatial geometry was not purely vertical, but corre-
sponded to a more complex 3D configuration involving the
banks of medial sulci, such as the cingulate sulcus. These
sources involved additional frontocentral scalp electrodes
in three cases: these were either ipsilateral, or contralateral
and falsely lateralized, in line with previous reports (Ques-
ney et al.,, 1992; Salanova et al.,, 1993; Bautista et al.,
1998; Smith et al., 2004; Elsharkawy et al., 2008).

Detectability and scalp EEG correlates of orbitofrontal
sources

Another two detectable sources were orbitofrontal, of
altogether five sources localized in this region. Sources
restricted to medial orbitofrontal structures have been
presumed undetectable in scalp EEG recordings, due to the
vertical orientation of the neuronal currents and the result-
ing equivalent dipole, the distance to the overlying frontal
scalp electrodes, and the absence of recording contacts
below the orbitofrontal plane (Gavaret et al., 2006). How-
ever, this latter study derived from nonsimultaneous scalp
and intracerebral EEG recordings. In our study, subdural
EEG spikes corresponding to both detectable orbitofrontal
sources were restricted to basal strip electrodes, lacking
concomitant grid activation, and thus rendering propagation
to the lateral convexity improbable. This observation
strongly suggests that sources restricted to the medial
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orbitofrontal cortex can be detectable in scalp EEG, in line
with a previously reported case of orbitofrontal spikes
recorded by depth-electrode contacts occurring simulta-
neously with scalp-visible spikes (Merlet & Gotman, 1999).
Of interest, both detectable orbitofrontal sources had a com-
mon projection to ipsilateral frontotemporal electrodes
(Fp1, F7, T3), as reported for two of four patients with or-
bitofrontal epilepsy in a previous study (Smith et al., 2004).
The previously described bifrontal pattern in relation to or-
bitofrontal sources (Ludwig et al., 1975; Merlet & Gotman,
1999; Smith et al., 2004) was not observed in our study.

Detectability and scalp EEG correlates of dorsolateral
sulcal or gyral sources

Overall, 4 of 17 dorsolateral sources generated scalp-
detectable spikes, including 2 of 7 gyral and 2 of 10 sulcal
sources. The comparable detectability of gyral and sulcal
dorsolateral sources in our study is in contrast to the percep-
tion that gyral sources with their predominantly radial volt-
age fields present optimal scalp EEG detectability, whereas
sulcal sources with their predominantly tangential voltage
fields are less detectable in scalp EEG. This lack of predom-
inance of gyral sources in terms of scalp EEG detectability
may be partly attributed to their more pronounced attenua-
tion by the silastic membrane of the grid, compared to dee-
per sources (Lanfer et al., 2013). Therefore, considering the
gyral dorsolateral sources, the only source localized in the
superior frontal gyrus and one of three sources in the middle
frontal gyrus, but none of the opercular sources, were
detectable. Considering sulcal dorsolateral sources, both
sources located in the superior frontal sulcus, but none in
the inferior frontal and central sulcus, were detectable.
Moreover, detectable sources localized in the superior fron-
tal gyrus or in the superior frontal sulcus projected to domi-
nant midline electrodes (Fz, Cz, Pz) in all three cases and
involved additional lateralized frontal-centroparietal scalp
electrodes in one case. The remaining detectable gyral dor-
solateral sources were localized in the middle frontal gyrus
and projected to additional bilateral centroparietal scalp
electrodes. Altogether, sources lateral to the superior frontal
gyrus projected to both midline and lateral scalp electrodes
that were ipsilateral rather than falsely lateralizing, in con-
trast to medial sources. Finally, contrary to the common per-
ception of predominantly widespread interictal spikes in
FLE (Kellinghaus & Luders, 2004), these were limited to
three or fewer scalp electrodes in the majority of detectable
sources. This may be attributed to the enhanced detectabil-
ity of spatially limited sources after averaging. Indeed, these
sources may have been overlooked in previous studies that
relied on only routine visual interpretation.

Source visibility and detectability according to the

extent and amplitude of dorsolateral cortical activation
In our study, the majority of interictal spikes recorded

from subdural electrodes were not detectable in the simulta-
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neous scalp EEG after averaging, regardless of source local-
ization. This underscores the contribution of parameters
other than source localization, including the extent and
amplitude of cortical activation, to the interrelations
between intracerebral sources and their scalp correlates. We
specifically addressed the contribution of the extent and
amplitude of cortical activation to the scalp EEG correlates
of sources projecting to dorsolateral grid electrode contacts.
No assessment of this particular contribution for the genera-
tion of scalp-EEG spikes has been undertaken in the context
of FLE to date. The extent of cortical activation can be
roughly estimated from the number of activated contacts,
and the amplitude of cortical activation can be estimated
from the subdural spike-to-background amplitude ratio, pro-
vided that a neocortical source is adjacent to and covered by
the subdural grid electrodes (Abraham & Marsan, 1958;
Tao et al., 2005). In the present study, we showed that both
the number of activated subdural grid contacts and the
spike-to-background amplitude ratio were significantly
higher for sources generating scalp-detectable spikes. The
median cortical activation extent of 6 cm? corresponding to
scalp-detectable sources in our study is comparable to the
seminal in vitro estimation in the absence of background
activity (Cooper et al., 1965) that has been widely cited and
partly corroborated by simulation studies (Kobayashi et al.,
2005). It is, however, lower than the 10-20 cm? cortical
activation extent derived from more recent in vivo and in vi-
tro studies in TLE (Tao et al., 2005; Cosandier-Rimele
et al., 2008). The discrepancy of our estimates to the latter
values may be partly attributed to the variable lobar locali-
zation considered in each of the two in vivo studies (Cooper
et al., 1965; Tao et al., 2005). However, it most probably
underscores the difference between sources that are visible
in routine visual interpretation and sources that are detect-
able only after averaging, resulting from the interaction
between the cortical activation extent and the blurring effect
of the surrounding cortical activity (Tao et al., 2005). In our
study, averaging indeed attenuated the blurring effect of the
background activity and thus probably enhanced the detect-
ability of spatially limited cortical sources. We further
showed that the subdural spike-to-background amplitude
ratios were significantly higher for sources generating
scalp-detectable spikes and established a strong correlation
between the spike-to-background amplitude ratios of sub-
dural and scalp spikes, thus demonstrating the significance
of cortical spike amplitude on source detectability.

Limitations of the study

With the disparity between scalp and subdural EEG
recordings partly accounted for by the impedance of the dura,
skull, and scalp, there are two further technical issues consti-
tuting inherent limitations in establishing accurate correla-
tions. Although the bone flap was carefully replaced
following the implantation of the subdural grid electrodes,
the craniotomy could produce a breach effect resulting in
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higher amplitudes of scalp EEG potentials through the aboli-
tion of spatial filtering by skull bone. On the other hand, the
silastic membrane of the subdural grid constitutes an addi-
tional layer over the cortical areas of interest that could result
in further attenuation of scalp signals (Lanfer et al., 2013).
Because both conditions would result in either enhancement
or local attenuation of both epileptic interictal spikes and
background activity in scalp EEG, segments were carefully
inspected and selected for the absence of amplitude asymme-
try. Furthermore, as mentioned in the Methods section,
patients with significant skull defects or those with subdural
or epidural hemorrhage interfering with the quality of the
recordings were excluded. Nonetheless, despite inherent lim-
itations, simultaneous scalp and subdural recordings offer a
unique chance to study the correlations of scalp EEG spikes
with their cortical substrates in epilepsy patients, taking
advantage of the superior spatial resolution of subdural grids.

CONCLUSION

Our study showed that not only dorsolateral but also or-
bitofrontal and medial-frontal sources can be detectable in
scalp EEG. This work constitutes the first in vivo demon-
stration based on simultaneous subdural and scalp EEG
recordings and the first quantitative assessment of the com-
plementary significance of extensive source activation and
higher subdural spike-to-background amplitude ratio in the
detection of epileptic generators in FLE. This contributes to
the decoding of interrelations between cortical sources and
their scalp EEG correlates. The appreciation of these
interrelations is indeed of cardinal importance for the devel-
opment and validation of new diagnostic tools such as
electrical source localization derived from scalp EEG, mag-
netoencephalography (MEG), or EEG-—functional MRI
(fMRI) that may constitute a surrogate for invasive record-
ings in the future (Bast et al., 2005; Koessler et al., 2010;
Jacobs et al., 2013). This is particularly relevant for FCD
that represents the main substrate of surgically remediable
neocortical partial epilepsy (Bast et al., 2006). Indeed, sur-
gical outcomes in FCD-associated epilepsy, contrary to
other cortical malformations (Ramantani et al., 2013a), are
strongly related to the complete removal of the epilepto-
genic lesion that can be reliably localized by the analysis of
its interictal activity.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Correlation between subdural and scalp
spike-to-background-amplitude ratios of scalp-detectable
sources (Wilcoxon test: p = 0.002).



