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Abstract

Background and Objectives

Impaired consciousness in epilepsy negatively affects quality of life. Previous work has focused
on temporal lobe seizures, where cortical slow waves are associated with depressed subcortical
arousal and impaired consciousness. However, it is unknown whether frontal lobe seizures also
show cortical slow waves or a different activity pattern with impaired consciousness.

Methods

Intracranial EEG (icEEG) recordings from patients at 3 centers were retrospectively assessed to
identify seizures originating in the frontal lobe. Seizures were classified as focal preserved
consciousness (FPC), focal impaired consciousness (FIC), or focal to bilateral tonic-clonic
(FBTC) based on video review. Changes in icEEG power from preictal baseline were calculated
in different cortical regions and across frequency ranges in these 3 seizure categories.

Results

Sixty-five seizures in 30 patients (mean age 27.7 years, 43% female) were analyzed. Frontal lobe
FPC seizures showed approximately 40% icEEG power increases in the frontal lobe of onset
across frequency ranges, with smaller changes in other regions. Frontal lobe FIC seizures
showed approximately 50% power increases, not significantly different from FPC seizures in the
lobe of onset (p = 0.519, 95% CI -25.8 to 50.4), but with significantly greater power increase in
other widespread cortical regions (p < 0.001,95% CI 14.1-45.3). It is important to note that the
widespread icEEG power increases in FIC seizures occurred not just in the slow-wave fre-
quency range, but broadly across other frequencies including fast activity. However, the
widespread power increases in FIC seizures differed from those of FBTC seizures where icEEG
power increases were much greater at approximately 600%, significantly greater than in FIC
seizures in both the frontal lobe of onset and other cortical regions (p < 0.001, 95% CI
330.1-781.9 and 375.3-818.2, respectively).

Discussion

The widespread power increases across frequencies in frontal lobe FIC seizures contrast with
those in focal temporal lobe epilepsy, where impaired consciousness is associated with cortical
slow waves. These findings suggest that different focal seizure types produce impaired con-
sciousness by affecting widespread cortical regions but through different physiologic mecha-
nisms. Insights gained by studying the physiology of impaired consciousness may be the first
step toward developing novel treatments to prevent this significant negative consequence of

epilepsy and improve quality of life.
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Glossary

3D = 3-dimensional; FBTC = focal to bilateral tonic-clonic; FIC = focal impaired consciousness; FLE = frontal lobe epilepsy;
FPC = focal preserved consciousness; icEEG = intracranial EEG; TLE = temporal lobe epilepsy.

Introduction

Consciousness is essential to normal human life. Both im-
paired consciousness and normal consciousness have their
anatomical basis in widespread regions of the association
cortex regulated by subcortical arousal systems."” Impaired
consciousness is a serious clinical manifestation in epilepsy,
affecting quality of life, safety, and emotional health. In recent
decades, several studies have investigated mechanism of im-
paired consciousness during generalized and focal seizures,
with many investigations on temporal lobe epilepsy (TLE),
the most common type of focal epilepsy.® Despite these
advances, there is limited information on mechanisms of
impaired consciousness in frontal lobe epilepsy (FLE), the
second most common focal epilepsy type.

Studies in TLE suggest that at least 2 nonmutually exclusive
mechanisms may contribute to impaired consciousness. One
mechanism, based on the global neuronal workspace theory,
posits abnormal cortical-cortical and cortical-thalamic syn-
chrony>*” Specifically, this theory suggests that loss of con-
sciousness results from the propagation of low-complexity,
hypersynchronous seizure activity from the focal onset zone into
the global neuronal workspace, particularly involving frontopar-
ietal association cortices, leading to a collapse in cortical com-
plexity and pathologic hyperconnectivity.*” A second mechanism,
the network inhibition hypothesis, posits that focal TLE seizures
inhibit subcortical arousal systems, leading to cortical slow waves
and impaired consciousness.” " Indeed, intracranial EEG
(icEEG) studies of TLE seizures with impaired consciousness
have shown prominent delta frequency (1-4 Hz) slow waves in
widespread areas of the association cortex.>'® The network in-
hibition hypothesis is further supported by animal models where
decreased subcortical arousal leads to cortical slow waves and
impaired consciousness in focal hippocampal seizures.'>"* Studies
based on both proposed mechanisms of impaired consciousness
in TLE have contributed to the development of novel neuro-
stimulation therapies aimed at restoring consciousness during and

. 15-17
after seizures.

FLE differs from TLE, as FLE exhibits greater clinical and
behavioral heterogeneity ranging from paroxysmal emotional
outbursts, or unilateral elementary motor signs, to large-
amplitude bilateral hyperkinetic movements. Some of the
electroclinical heterogeneity in FLE may be attributed to the
large anatomical representation and variegated functions of
the frontal lobes.'®" Investigation of the mechanisms of
impaired consciousness in FLE has so far been limited to 1
systematic study, which showed increased frontoparietal
synchrony correlated with impaired consciousness, in keeping
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with the global workspace theory.*® However, it is not known
whether additional mechanisms may also contribute to im-
paired consciousness. For example, an important question is
whether impaired consciousness in FLE, like TLE, is ac-
companied by widespread cortical slow-wave activity outside
the region of seizure onset, or whether a different activity
pattern may be present in FLE.

Therefore, our goal was to investigate icEEG patterns across
a range of frequencies in a relatively large sample of frontal
lobe seizures with and without impaired consciousness. We
defined focal preserved consciousness (FPC) and focal im-
paired consciousness (FIC) seizures based on behavioral re-
view. We found that frontal lobe FIC seizures had abnormal
increased activity in widespread brain regions in contrast to
FPC seizures where increased activity was confined mainly to
the frontal lobe of seizure onset. It is important to note that
the increased activity in frontal lobe FIC seizures occurred
across a broad range of frequencies, not just slow waves,
therefore differing from TLE. Finally, we differentiated frontal
lobe FIC seizures from focal to bilateral tonic-clonic (FBTC)
seizures, by demonstrating that, although FBTC seizures also
involve widespread brain areas across a range of frequencies,
the increases in FBTC seizures were over 10 times greater
than in frontal lobe FIC seizures.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

All procedures were in accordance with the institutional re-
view boards for human studies at Yale University School of
Medicine, NYU Grossman School of Medicine, and Icahn
School of Medicine at Mount Sinai. Informed consent was
obtained from all participants according to the Declaration of

Helsinki.

Patients and Seizures

Patient and seizure selection criteria, along with a flow dia-
gram, and clinical and demographic information of all in-
cluded patients are provided in eMethods, eFigure 1, and
eTable 1.

Behavioral Analysis

Onset and offset times of all seizures (defined in EEG Anal-
ysis) were provided to a reviewer (E.S.) of seizure videos
blinded to the EEG recordings. Behavioral analysis proceeded
in 2 stages: In the first stage, seizures were screened for ex-
clusion criteria (mentioned in eMethods), and FBTC seizures

Neurology.org/N

€213965(2)
Copyright © 2025 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://neurology.org/n

Downloaded from https://www.neurology.org by Hannah Hyde on 15 October 2025

were identified by typical behavioral features, with the time of
the onset of generalization determined behaviorally based on
head or eye version, vocalization, or asymmetric tonic facial
contraction, as in previous studies.>** In the second stage,
consciousness was assessed as follows:

1. For each seizure, all stimuli that would elicit a response in
a normal awake individual and the associated responses
were documented in detail.

2. Responses were scored as impaired or spared by the
following criteria:

« No response at all = impaired.

« Eye and/or head orientation toward the stimulus as the
only response = impaired.

o Purposeless limb movements and/or unintelligible
sounds in response to stimuli = impaired. Sounds or
movements that were typical seizure manifestations
were not listed as responses.

« Appropriate, meaningful response = spared.

3. Next, overall behavior during the seizure was rated as
follows:

o All responses during the seizure spared = spared seizure.

o All responses during the seizure impaired = impaired
seizure.

« Some responses during the seizure spared but others
impaired = inconclusive. If the reviewer was uncertain
whether a stimulus/response was impaired, then the
entire seizure was reviewed by 2 additional reviewers
(AV,, H.B.) to decide on final ratings by consensus. If
consensus could not be reached, the seizure was rated
as inconclusive. As mentioned in the eMethods,
inconclusive seizures were relatively uncommon and
were excluded from the analysis.

4. Finally, seizures were categorized into 3 groups: (i) FPC,
focal seizures with spared behavioral responses as per
criteria above; (ii) FIC, focal seizures with impaired
behavioral responses; (iii) FBTC. Rationale for using
responsiveness rather than awareness (recall of experi-
ences during seizures) for classification of FPC and FIC is
mentioned in eMethods. All FBTC seizures had impaired
behavioral responses.

Anatomic Localization of Electrode Positions
Electrode locations were determined based on clinical factors,
and therefore were not standardized. However, because
electrodes were placed at a time when grid electrodes were
historically more common, we obtained relatively extensive
cortical coverage. Of the 30 patients, 24 patients received
a combination of subdural grid, strip, and depth electrodes
while 6 received depth electrodes only. Seventeen implants
were bilateral, S5 left hemisphere only, and 8 right
hemisphere only.

Electrodes were localized as follows:

1. At Yale, postoperative CT scans were used to identify
electrode locations. The postoperative CT scan was first
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coregistered to the postoperative MRI for each patient,
which was then coregistered to the preoperative MR, as
described previously.>>*¢

2. At Mount Sinai, the postimplantation CT was coregis-
tered to the preoperative MRI.

3. At NYU, electrodes were localized using postoperative
MRI. Subsequently, the postimplantation MRI was
coregistered to the preimplantation MRI, as described
previously.>%*”

Electrode contacts for each patient were assigned to regions
defined previously,'® with the Rolandic region split along the
central sulcus into frontal and parietal regions, to obtain the
following locations:

1. Ipsilateral frontal—medial, lateral, and orbital frontal
electrodes in the hemisphere of seizure onset.

2. Ipsilateral extrafrontal—occipital, parietal, and temporal
electrodes in the hemisphere of seizure onset.

3. Contralateral frontal—medial, lateral, and orbital frontal
electrodes in the hemisphere contralateral to seizure
onset.

4. Contralateral extrafrontal—occipital, parietal, and tem-
poral electrodes in the hemisphere contralateral to
seizure onset.

icEEG and Video Recordings

At Yale, icEEG signals were recorded using either Bio-Logic
(Bio-Logic Systems Corp., Mundelein, IL) [before 2011] or
NATUS/Neuroworks (Natus Medical Incorporated, Mid-
dleton, WI) [after 2011] systems with sampling rates of 256
and 1,024 Hz, respectively. At NYU, icEEG signals were ac-
quired using either the BMSI 5000/6000 EEG system
(Nicolet Biomedical, Inc., Madison, WI) or NATUS/
Neuroworks with a sampling rate of 512 Hz. At Mount
Sinai Center, icEEG signals were acquired through NATUS/
Neuroworks with sampling rates of 500, 512, and 1,000 Hz.

Signals were recorded relative to a reference electrode chosen
by the clinical team to minimize visible noise artifact on the
EEG in all 3 centers. Reference electrodes could include skull
pegs affixed to the bone, white matter contacts, mastoid
process scalp contacts, or inverted intracranial electrode strips
with the insulated side facing the brain surface and the con-
ducting side facing the skull.

EEG Analysis

Time of electrographic seizure onset and end and the elec-
trodes involved in seizure onset were first identified by expert
EEG readers (A.V, E.S.) by visual inspection. This in-
formation was used in the exclusion criteria already described
and in subsequent analysis. Artifacts were also delineated for
each channel by visual inspection and removed from the
analysis. EEG data were then processed using fast Fourier
transform in MATLAB R2018b (Mathworks, Natick, MA) in
1-second nonoverlapping data segments for each electrode,
and the average signal power was calculated within the
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following frequency bands: delta (0.5-<4 Hz), theta (4-<8
Hz), alpha (8-<13 Hz), beta (13-<25 Hz), and gamma
(25-<50 Hz). We normalized power within each frequency
band by calculating percent change in power for each 1-
second time segment relative to 30 seconds of baseline power
just before electrographic seizure onset. Thus, percent change
in power was expressed as ([EEG signal power — baseline
power]/baseline power) x 100% for each frequency band.

As noted above, for calculations of percent change in power,
the baseline for all 3 seizure types was defined as 30 seconds
before electrographic seizure onset. However, for temporal
alignment of percent change time courses across seizures,
FPC and FIC seizures were aligned to onset (t = 0) defined as
electrographic seizure onset while FBTC seizures were
aligned to behavioral onset of generalization. We used the
onset of generalization as t = 0 for group data alignment of
FBTC seizures rather than electrographic seizure onset be-
cause the time between onset and generalization for different
FBTC seizures was variable (mean 108.21 seconds, range
0-737 seconds). Therefore, aligning FBTC seizures to onset
of generalization provided more consistent time courses for
power changes. Percent change in power was then pooled by
averaging across electrodes within each of the 4 analysis
regions (ipsilateral frontal, ipsilateral extrafrontal, contralat-
eral frontal, and contralateral extrafrontal) for each seizure.
Finally, mean values and statistics were calculated across
seizures within each group for analysis: FIC, FPC, and FBTC.

Group data time courses were plotted as mean = SEM percent
change in power over time in nonoverlapping 10-second bins.
For calculation of overall percent change in power during
seizures vs baseline for use in summary histograms, tables, and
group statistics, we used the mean for each seizure from onset
(t = 0, as defined above) to electrographic offset, except for
seizures lasting longer than 180 seconds, for which only the
first 180 seconds of seizure data were analyzed. For calculating
average power changes across all frequency bands for use in 3-
dimensional (3D) color brain surface maps, summary tables,
and group statistics, we first normalized power to baseline by
calculating percent change from baseline within each fre-
quency band and then averaged percent change values across
frequency bands for each seizure. All aforementioned analyses
were performed using in-house scripts in MATLAB.

To ensure robustness of our findings, we replicated the results
by recomputing signal power using the same pipeline but with
bipolar montages using adjacent electrodes (eTables 2 and 3).

To visualize overall power changes anatomically, we gener-
ated 3D color map representations of average percent change
in EEG power across all S frequency bands for 1 representa-
tive seizure each from the FPC, FIC, and FBTC groups using
methods described previously.”***° In brief, each electrode
contact was localized with Bioimage Suite®*! and electrode
coordinates were imported into MATLAB. The pial surface
was reconstructed by Bioimage Suite as a triangular mesh
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model using the patient’s preoperative T1-weighted MRI, and
the triangular mesh model was imported into MATLAB.
Percent change in power during seizure vs baseline was av-
eraged across the S analyzed frequency bands for each elec-
trode contact, using the methods previously described
([(EEG signal power — baseline power)/baseline power] x
100%, averaged across frequencies over the entire seizure). To
display changes on the brain surface, we colored the faces of
the triangular mesh based on the power magnitude of the
closest electrode contact, applying a linear fade to zero over
the radius from 1 to 15 mm surrounding each electrode.

Statistical Analysis

Statistical tests were performed using SPSS 28 (IBM Corp.,
Armonk, NY). Percent change in power for statistical results
shown in the tables was analyzed in the ipsilateral frontal
regions and in all other cortical regions combined. We com-
pared percent change in power during FPC vs FIC seizures
and FIC vs FBTC seizures using independent 2-sample ¢ tests,
followed by Holm-Bonferroni correction, with significance
assessed at 2-tailed p < 0.05. All values are presented as
mean = SEM.

Data Availability

All codes generated for data analysis have been deposited in
Github (github.com) and are available at https://github.com/
BlumenfeldLab/SalarDini-et-al 2025. Anonymized icEEG
data for this study may be shared at the request of any qual-
ified investigator for purposes of replicating procedures and
results.

Results

We studied continuous video-icEEG recordings of 6S seizures
(24 FPC, 27 FIC, and 14 FBTC) in 30 patients. Thirteen
patients were female and 17 male, with a mean age of
27.7 years (range 9-S1 years). Twenty-one patients were
right-handed, 8 left-handed, and 1 ambidextrous. Additional
demographic and clinical information is given in eTable 1.
The mean duration of FPC seizures was 43.2 *+ 5.5 seconds,
FIC seizures 56.0 + 7.6 seconds, and FBTC seizures 228.6
77.4 seconds.

Greater Power in FIC vs FPC Seizures in
Widespread Cortical Regions and

Frequency Bands

We found that FPC seizures showed increased icEEG power
mainly in the frontal lobe of onset while FIC seizures showed
increased power across frequency bands and in widespread
cortical regions, both ipsilateral and contralateral to the side of
onset. A representative FPC seizure shows localized onset of
rhythmic spikes in the frontal lobe (Figure 1, A and B) and
later partial spread to the ipsilateral parietal lobe (Figure 1, C
and D). By contrast, a typical FIC seizure has onset in the
frontal lobe (Figure 2A) but then evolves to show ictal activity
of mixed frequencies in widespread cortical regions (Figure 2,
B-D, same scale as Figure 1).
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Figure 1 Example of Frontal Lobe Focal Preserved Consciousness Seizure: Intracranial EEG Changes Are Mainly Localized

to the Frontal Lobe of Onset
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(A) Seizure onset shown by the arrow, with periodic spikes in the frontal electrodes. (B) Continuation of seizure as periodic spikes in frontal electrodes and
spread of rhythmic activity to some parietal electrodes. (C) Evolution in morphology to polyspike-and-wave discharges and spread within the frontal and
parietal electrodes. (D) Seizure offset shown by the arrow at 32nd second as 1-Hz polyspikes in the frontal and parietal electrodes. The montage is referential
to the electrode in bone. The calibration bar on the right represents 1 mV. The horizontal axis shows time in seconds relative to the time interval of seizure
onset (0-1 second). lllustrative 5-second time epochs are shown from seizure onset to offset. This is a unilateral (left-sided) implantation with a combination of
grid, strip, and depth electrodes. Bars on the left show representative electrodes from each lobe. F = frontal; O = occipital; P = parietal; T = temporal.

Group analysis also showed that icEEG power increases in FPC
seizures were confined mainly to the frontal lobe of onset, with
some spread to ipsilateral extrafrontal regions (Figure 3, A and
C). By contrast, FIC seizures demonstrated power increases in
widespread regions outside the lobe of seizure onset and across
multiple frequency bands (Figure 3, B and D). We performed
statistical analyses comparing FIC and FPC seizures in the
frontal lobe of onset and in all other brain regions combined
(ipsilateral extrafrontal, contralateral frontal, contralateral
extrafrontal). Cortical power in other regions outside the lobe
of onset was significantly greater in FIC vs FPC seizures
(Table 1, right columns). This was true for the average power
across all frequency bands, as well as for most frequency bands
individually, with the exception of theta frequency. Power
across all these regions and frequency bands increased by
40.4% * 7.4% during FIC seizures, but only by 10.7% * 2.6%
during FPC seizures (p < 0.001, 95% CI 14.1-45.3; Table 1,
bottom right entry). By contrast, in the frontal lobe ipsilateral to
onset, icEEG power did not differ between FPC and FIC
seizures, except at higher frequencies where gamma power was
significantly greater in FIC seizures than in FPC seizures
(Table 1, left columns). To ensure that these findings were not
driven by use of a referential montage, we recomputed signal
power using a bipolar montage with contiguous contacts. The
results were consistent with the original analysis (eTable 2).

To visualize the anatomical distribution of seizure activity, we
created 3D color maps of average power changes across fre-
quency bands for representative FPC and FIC seizures

Neurology.org/N

(Figure 3E and F, respectively). These maps show a large
increase in average power across frequencies in all recorded
regions in the FIC seizure (Figure 3F) while the FPC seizure
shows greatest power increases localized to the left frontal
lobe of onset, with relatively smaller increases in other brain
regions (Figure 3E).

Much Greater Power in FBTC vs FIC Seizures
Across All Cortical Areas and Frequencies

The increased icEEG power across frequencies in widespread
cortical areas observed in FIC seizures (Figure 3) raises the
question of how frontal lobe FIC seizures differ from FBTC
seizures, also known to involve widespread areas of the cortex.
FBTC seizures were distinguished clinically by typical be-
havioral manifestations including head or eye version, vocal-
ization, tonic facial contraction, and tonic evolving to bilateral
clonic limb movements, as in previous studies.>"”** We found
that FBTC seizures showed much greater icEEG power
throughout the cortex and across frequency bands compared
with FIC seizures. A typical FBTC seizure shows an initial
burst of high-amplitude polyspikes in the ipsilateral frontal
lobe (Figure 4A), followed by rapid high-amplitude extra-
frontal spread (Figure 4B), evolving to diffuse high-amplitude
irregular polyspikes (Figure 4C) and rhythmic polyspike-
wave discharges before seizure termination (Figure 4D, note
the difference in scale bar vs Figures 1 and 2).

Group analysis confirmed the large-amplitude icEEG power
increases across cortical regions and frequencies in FBTC
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Figure 2 Example of Frontal Lobe Focal Impaired Consciousness Seizure: Intracranial EEG Changes Extend Widely Beyond
the Frontal Lobe of Onset
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(A) Seizure onset indicated by arrow with low-voltage fast activity beginning 3 seconds before this time epoch (not visible because of very focal poorly
discernible pattern at these settings), evolving as low-voltage fast activity (beta, gamma) in the left frontal contacts with spread to the left temporal, left
parietal, and right hemispheric contacts. (B) Further seizure evolution as irregular polyspikes with embedded faster frequencies in the ipsilateral (left) frontal
electrodes, sharply contoured rhythmic alpha in the contralateral (right) frontal electrodes, and other widespread changes. (C) Seizure continues as irregular
polyspikes in bifrontal regions with additional changes in extrafrontal regions bilaterally. (D) Widespread 1-2 Hz polyspike-and-wave discharges in bilateral
hemispheres terminate with seizure offset shown by the arrow at the 59th second. The montage is referential to the electrode in bone. The calibration bar on
therightrepresents 1 mV (same scale as in Figure 1). The horizontal axis shows time in seconds relative to seizure onset. lllustrative 5-second time epochs are
shown. Thisis a bilateral implantation with a combination of grid, strip, and depth electrodes. Bars on the left show representative electrodes from each lobe.
LF = left frontal; LO = left occipital; LP = left parietal; LT = left temporal; RF = right frontal; RO = right occipital; RP = right parietal; RT = right temporal.

seizures (Figure S, A and B). Statistical analyses demonstrated
that FBTC seizures had much greater icEEG power compared
with FIC seizures in all brain regions and across all frequency
bands (Table 2). In summary, the power increase averaged
across frequency bands in the frontal lobe of onset was
52.9% + 13.4% for FIC seizures and 608.9% + 104% for FBTC

seizures (p < 0.001, 95% CI 330.1-781.9); the power across
frequency bands in other cortical regions was 40.4% * 7.4%
for FIC seizures and 637.2% + 107.1% for FBTC seizures (p <
0.001, 95% CI 375.3-818.2; Table 2, bottom row). Again, to
ensure that these findings were not driven by use of a refer-
ential montage, we recomputed signal power using a bipolar

Table 1 Intracranial EEG Power in Frontal Lobe Focal Preserved vs Focal Impaired Consciousness Seizures

Ipsilateral frontal power

Other cortical power

Frequency range FPC FIC FPC vs FIC FPC FIC FPC vs FIC

Delta 49.9+18.8 57.0+17.8 7(48.4)=0.28, p=0.784 22.9+6.1 60.2+12.4 T(72.1)=2.70,p=0.016"
Theta 42.0+155 32.0+13.1 T(46.6) =0.49, p = 0.627 13.7+4.0 26.4+8.0 T(72.8)=1.42,p=0.320
Alpha 41.3+£15.2 441 £13.9 T(47.9)=0.14, p = 0.891 6.3+29 27.1+6.8 T(67.5)=2.81,p=0.012°
Beta 35.0+£126 58.4+15.3 T(48.1)=1.18,p=0.243 3.6£1.7 375+76 T(56.0) = 4.34, p <0.001°
Gamma 36.9£10.7 729+129 T(46.7) = 2.15, p = 0.036° 7.0£20 50.9+73 T(58.3) = 5.82, p <0.001°
All 40.6 £134 529+13.4 7(48.8)=0.65,p=0.519 10.7+2.6 40.4+7.4 T(63.0) = 3.80, p < 0.001°

Abbreviations: FIC = focal impaired consciousness; FPC = focal preserved consciousness.

Values represent overall mean + standard error percent change in EEG power during seizure vs 30-second preseizure baseline. Ipsilateral frontal power is
from the frontal lobe on the side of seizure onset. Other cortical power is from all other cortical regions (ipsilateral extrafrontal, contralateral frontal, and
contralateral extrafrontal in Figure 3, Aand B). All is the average change in EEG power across frequency bands (each power band is first normalized to its own
baseline before averaging across frequency bands). T values and degrees of freedom (in parenthesis) are shown. p Values are Holm-Bonferroni corrected,
from a 2-tailed t test. Data are from 24 FPC seizures in 11 patients and 27 FIC seizures in 16 patients.

2p < 0.05.
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Figure 3 Group Analysis and Surface Maps of icEEG Changes During Frontal Lobe Focal Preserved and Focal Impaired
Consciousness Seizures
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(A, B) Mean percent change in power in (A) focal preserved consciousness (FPC) seizures and (B) focal impaired consciousness (FIC) seizures compared with
30-second preseizure baseline. (C, D) Time course plots of intracranial EEG (icEEG) percent changes in power during FPC seizures (C) and FIC seizures (D)
compared with 30-second preseizure baseline binned every 10 seconds. Electrographic seizure onset is indicated as time = 0. (A-D) Data are from 24 FPC
seizures in 11 patients and 27 FIC seizures in 16 patients. Error bars are SEM. Delta = 0.5-<4 Hz; theta = 4-<8 Hz; alpha = 8-<13 Hz; beta = 13-<25 Hz; and
gamma = 25-<50 Hz. (E, F) Three-dimensional color maps showing the mean percent changes in power (color scale +345%) across all 5 frequency bands
during the entire seizure vs 30-seconds preseizure baseline in examples of a FPC seizure with left frontal onset (E) and a FIC seizure with left frontal onset (F)
(details of percent change calculations in Methods).
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Figure 4 Example of Focal to Bilateral Tonic-Clonic Seizure of Frontal Onset: Intracranial EEG Changes Are Widespread and
Large Amplitude
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(A) Seizure onset indicated by arrow, with burst of high-amplitude polyspikes, followed by rapid bilateral and extrafrontal spread. (B) Seizure evolution as
irregular polyspikes with embedded faster frequencies in ipsilateral (left) frontal and temporal electrodes, followed by spread to the extrafrontal ipsilateral
and contralateral regions by the end of the panel. (C) Tonic phase of the seizure seen on EEG as high-amplitude polyspikes with admixed mixed frequencies,
showing widespread bilateral cortical involvement. (D) Clonic phase of the seizure shown as irregular polyspike-wave discharges of approximately 1 Hz, with
seizure offset indicated by the arrow at the 78th second. The montage is referential to the electrode in bone. The calibration bar on the right represents 2 mv
(note the scale difference in Figures 1 and 2). The horizontal axis shows time in seconds relative to the time interval of seizure onset (0-1 second). lllustrative 5-
second time epochs are shown. This is a bilateral implantation with a combination of grid, strips, and depth electrodes. Bars on the left show representative
electrodes from each lobe. LF = left frontal; LO = left occipital; LP = left parietal; LT = left temporal; RF = right frontal; RP = right parietal; RO = right occipital; RT =
right temporal.

montage with contiguous contacts, and the results were
consistent with the original analysis (eTable 3).

recorded regions, considerably larger in scale compared with
typical FPC or FIC seizures (Figure 3, E and F).

To illustrate these large-magnitude and widespread changes

for FBTC seizures, we again created 3D color maps of average Discussion

power changes across frequencies for a typical FBTC seizure
(Figure SC). This showed a large increase in power across all

Our goal was to investigate the physiologic basis of impaired
consciousness in frontal lobe epilepsy. We found that frontal

Table 2 Intracranial EEG Power in Frontal Lobe Focal Impaired Consciousness vs Focal to Bilateral Tonic-Clonic Seizures

Ipsilateral frontal power

Other cortical power

Frequency range FIC FBTC FIC vs FBTC FIC FBTC FIC vs FBTC

Delta 57.0+17.8 467.2 £133.0 T(13.5)=3.0,p =0.018? 60.2+12.4 588.6 +173.8 T(24.2)=3.0,p =0.0127
Theta 32.0+13.1 543.1+£121.2 T(13.3)=4.2, p=0.002% 26.4+8.0 582.6+118.3 T(24.2)=4.7,p <0.001%
Alpha 441 +£13.9 665.7 + 150.7 T(13.2) = 4.1, p <0.002° 27.1+6.8 655.3 + 129.1 T(24.1)=4.9, p <0.001°
Beta 58.4+15.3 699.2 +127.8 T(13.4)=5.0, p <0.001° 375+76 719.0 £ 102.1 T(24.3)=6.7, p <0.0017
Gamma 72.9+12.9 669.2 + 62.2 T(14.1)=9.4,p <0.001% 509+7.3 640.3 + 57.1 T(24.8)=10.2, p <0.001°
All 529+ 134 608.9 + 104.0 T(13.4)=5.3, p <0.001° 404 +74 637.2 +107.1 T(24.2)=5.6, p <0.0017

Abbreviations: FBTC = focal to bilateral tonic-clonic; FIC = focal impaired consciousness.

Values represent overall mean + standard error percent change in EEG power during seizure vs 30-second preseizure baseline. Ipsilateral frontal power is
from the frontal lobe on the side of seizure onset. Other cortical power is from all other cortical regions (ipsilateral extrafrontal, contralateral frontal, and
contralateral extrafrontal in Figures 3B and 5A). All is the average change in EEG power across frequency bands (each power band is first normalized to its own
baseline before averaging across frequency bands). Ictal data for FBTC seizures begin with onset of generalization; however, very similar results were
obtained if the entire ictal period was used for FBTC seizures (data not shown). Tvalues and degrees of freedom (in parenthesis) are shown. p Values are Holm-
Bonferroni corrected, from a 2-tailed t test. Data are from 27 FIC seizures in 16 patients and 14 FBTC seizures in 7 patients.

ap < 0.05.
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Figure 5 Group Analysis and Surface Maps of icEEG Changes During Focal to Bilateral Tonic-Clonic Seizures of Frontal
Onset
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(A) Mean percent change in power in focal to bilateral tonic-clonic (FBTC) seizures compared with 30-second preseizure baseline. As described in
the Methods, ictal data begin with onset of generalization; however, very similar results were obtained when ictal data began with electrographic
seizure onset (data not shown). (B) Time course plots of intracranial EEG (icEEG) percent changes in power during FBTC seizures compared with 30-
second preseizure baseline binned every 10 seconds. Data before time = 0 are before electrographic seizure onset; data after time =0 are after
onset of generalization. (A, B) Data are from 14 FBTC seizures in 7 patients. Error bars are SEM. Delta = 0.5-<4 Hz; theta = 4-<8 Hz; alpha =8-<13 Hz;
beta = 13-<25 Hz; and gamma = 25-<50 Hz. (C) Three-dimensional color maps showing the mean percent changes in power (color scale +665%)
across all 5 frequency bands during the entire seizure vs 30-second preseizure baseline in an example of a FBTC seizure with left frontal onset

(details of percent change calculations in Methods).

lobe FIC seizures had greater power increases across fre-
quencies in widespread areas of the cortex while FPC seizures
had relatively localized increases in the frontal lobe of onset.
In addition, we found that both frontal lobe FIC and FBTC
seizures have widespread icEEG activity increases across fre-
quencies and cortical regions, but the increases are much
larger during FBTC seizures. These findings in frontal lobe
epilepsy contrast with temporal lobe FIC seizures, which
show mainly increased slow-wave activity in the cortex, sug-
gesting that different mechanisms produce impaired con-
sciousness in different types of focal seizures.

Impaired consciousness is proposed to arise from abnormal
activity in widespread bilateral cortical networks modulated
by subcortical arousal systems. One theory of impaired con-
sciousness in focal epilepsy, the global workspace theory,4
proposes that widespread abnormal synchrony disrupts con-
sciousness in TLE,>” parietal lobe seizures,>* and FLE A
second theory, the network inhibition hypothesis,*’
specifically on TLE and proposes that inhibited subcortical
arousal causes encephalopathy-like cortical slow waves and

! focuses

Neurology.org/N

impaired consciousness. Support for the network inhibition
hypothesis in TLE comes from icEEG recordings showing
significantly larger bilateral frontoparietal slow-wave activity
in temporal lobe FIC vs FPC seizures,° resembling sleep,
coma, or encephalopathy.>*** Cortical slow waves during FIC
seizures in TLE are associated with widespread frontoparietal
cerebral blood flow decreases, correlated with abnormal
subcortical arousal activity in patients and in animal mod-
els.">'*%5 However, previous work has not investigated
whether similar mechanisms of depressed arousal and cortical
slow waves contribute to impaired consciousness in focal
epilepsy aside from TLE.

Of interest, our present findings show that unlike TLE, in frontal
lobe FIC seizures, there is an increase in icEEG activity across the
cortex over a wide range of frequencies, not just in the slow delta
frequency range. Therefore, instead of indirect effects of seizures
on subcortical arousal, frontal lobe FIC seizures may directly
disrupt widespread neocortices in both hemispheres. By contrast,
frontal lobe FPC seizures produce relatively localized increases

on the side of onset. These findings raised the question of
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whether the widespread icEEG changes in frontal lobe FIC

seizures are similar to those in FBTC seizures, well known to
. . 212336

cause impaired consciousness. However, we found sub-

stantial differences between frontal lobe FIC and FBTC seizures,

with significantly larger increases in widespread cortical areas

across frequencies in FBTC seizures by a full order of magnitude.

These findings suggest a model in which the behavioral se-
verity of seizures, including degree of impaired consciousness,
is related to the physiologic severity of seizure activity and its
impact on widespread regions of the cortex. The mechanisms
of physiologic disruption may vary in different seizure types
and can include a combination of factors such as enhanced
synchrony as per the global neuronal workspace theory, in-
creased cortical slow-wave activity as per the network in-
hibition hypothesis in TLE, increased activity across
frequencies in FLE, and other activity patterns in different
types of seizures. For example, recent work in absence epi-
lepsy has shown that generalized spike-wave discharges do not
always cause impaired consciousness, but that the degree of
behavioral impairment is directly related to the physiologic
severity of spike-wave EEG amplitude and fMRI signal
changes in widespread corticothalamic networks.>”*®
ilar relation between physiologic severity and impaired con-
sciousness may also be present in frontal lobe seizures but
through different mechanisms. Thus, frontal lobe FPC seiz-
ures with minimal widespread cortical involvement do not
impair consciousness, FIC seizures with widespread abnormal
cortical involvement across frequencies do impair con-
sciousness, and FTBC seizures with widespread abnormal
cortical activity of much greater magnitude also cause im-
paired consciousness. Of note, previous work has shown that
the level of impaired behavioral responsiveness is more severe
in FBTC seizures than in FIC seizures.*®

A sim-

Future work should investigate several open questions not
addressed in this study. For example, one interesting obser-
vation is that the increase in delta power in the contralateral
extrafrontal regions during FIC seizures seemed especially
prominent (Figure 3A), so the possible role of this activity in
impaired consciousness should be investigated further. In
addition, despite providing a better understanding of elec-
trophysiologic signals associated with decreased conscious-
ness in FLE, our data cannot be used to infer the sequence of
events through which abnormal activity spreads throughout
the cortex in frontal lobe FIC seizures. There are a few po-
tential circuits, which could play a role in propagation of
seizure activity, among which cortico-cortical and cortico-
thalamo-cortical circuits stand out.> Generally, the intra-
laminar and medial thalamic nuclei form extensive cortico-
thalamo-cortical pathways, proposed to modulate synchrony
and large-scale integration of information across multiple
cortical circuits. Support for this notion includes robust
connections between the intralaminar thalamus and fronto-
parietal cortex, playing an important role in arousal regulation,
and diffusion tractography demonstrating extensive inter-
connections between the thalamic mediodorsal nuclei and

Neurology | Volume 105, Number 6 | September 23,2025

frontal cortex.*® Another thalamic nuclear candidate for

cortico-thalamo-cortical propagation is the medial pulvinar,
given its crucial role in signal coordination in frontoparietal
networks.”’ In addition, frontal connectivity is certainly
compatible with the possibility of seizure spread through local
cortico-cortical circuits or through long-range connections
such as the corpus callosum.*>* Furthermore, future studies
should investigate whether measures of cortico-cortical syn-
chrony such as collapse in complexity and pathologic hyper-
connectivity® track behavioral severity in frontal lobe
seizures as potential markers of impaired consciousness, ei-
ther independently of or in parallel with the more basic
increases in signal power shown here.

Another important future direction will be more localized
investigation of the anatomical regions contributing to im-
paired consciousness in FLE. Despite investigating a relatively
large number of patients and seizures across 3 centers, and the
presence of many cortical electrodes due to the common use
of grids and strips rather than stereo-EEG during the period
covered (1997-2020), we did not have sufficient electrode
coverage across patients to separately study different lobes in
each hemisphere. In particular, fewer recordings were avail-
able for the hemisphere contralateral to seizure onset, espe-
cially in extrafrontal regions. Future work with even larger
samples across centers should enable investigation of smaller
subregions within each hemisphere. For example, it would be
valuable to further localize verbal and nonverbal deficits in
FIC seizures in relation to anatomically and functionally
specialized subregions of the frontal lobes. This analysis was
not possible in this study because of limited sample sizes and
because formal verbal and nonverbal testing was not per-

formed during seizures, although such approaches are avail-
able and should be used for future studies.***

Finally, an important question that cannot be addressed with
standard clinical icEEG electrodes is how the spread of ictal
icEEG activity we observed in FIC seizures across widespread
cortical regions and frequencies relates to underlying neuro-
nal firing. For example, it is not known whether the observed
widespread cortical icEEG changes are accompanied by
changes in neuronal firing, or whether they instead reflect
local field potential changes related to synaptic inputs without
changes in firing. Human unit activity recordings have been
used to investigate the distinction between changes in neu-
ronal firing and local field potential changes including studies
of ictal unconsciousness,*” and this approach could be applied
to frontal lobe FIC seizures as well. Furthermore, just as an-
imal models have been productive for studying underlying
neuronal mechanisms of impaired consciousness in absence
seizures and TLE,">"*** an animal model of impaired con-
sciousness in FLE would be very useful for future investigation
into fundamental mechanisms.

Impaired consciousness has substantial negative impacts on
quality of life of patients with epilepsy.49 For example, im-
paired consciousness can lead to motor vehicle accidents,
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drowning, poor work and school performance, and social
stigmatization. Although FLE has not attracted as much at-
tention as TLE because of its less common occurrence,
a number of studies of FLE in children have shown that im-
paired cognitive function and behavior are frequent compli-
5931 As such, a better appreciation of long-range
network effects could help with guiding novel therapeutic
strategies to prevent these neocortical consequences and ad-

cations.

verse outcomes.

In conclusion, this study provides quantitative evidence of
a broad increase in icEEG activity across frequency bands in
widespread regions of the cortex associated with impaired
consciousness during frontal lobe FIC seizures, whereas
FBTC seizures show much larger increases in broadband
activity throughout the cortex. These findings contrast with
impaired consciousness in focal TLE, where impaired con-
sciousness is associated with widespread cortical slow-wave
activity. We can speculate that different types of focal seiz-
ures produce impaired consciousness by affecting wide-
spread cortical regions but through different mechanisms.
Given that cortical dysfunction affects patients’ quality of
life, understanding mechanisms underlying this impairment
and developing new therapeutic options to prevent altered
consciousness remain important goals for helping people

with epilepsy.

Acknowledgment
The authors thank the patients who participated in this
research.

Author Contributions

E. Salardini: drafting/revision of the manuscript for content,
including medical writing for content; major role in the ac-
quisition of data; study concept or design; analysis or in-
terpretation of data. A. Vaddiparti: drafting/revision of the
manuscript for content, including medical writing for content;
major role in the acquisition of data; analysis or interpretation
of data. A. Kumar: drafting/revision of the manuscript for
content, including medical writing for content; analysis or
interpretation of data. J. Qu: drafting/revision of the manu-
script for content, including medical writing for content;
analysis or interpretation of data. R.A. Martin: drafting/
revision of the manuscript for content, including medical
writing for content; analysis or interpretation of data. RZ.
Gebre: drafting/revision of the manuscript for content, in-
cluding medical writing for content; major role in the acqui-
sition of data; analysis or interpretation of data. C.A.
Arencibia: drafting/revision of the manuscript for content,
including medical writing for content; analysis or in-
terpretation of data. M.B. Dhakar: drafting/revision of the
manuscript for content, including medical writing for content;
major role in the acquisition of data; analysis or interpretation
of data. E.H. Grover: drafting/revision of the manuscript for
content, including medical writing for content; major role in
the acquisition of data; analysis or interpretation of data. LH.
Quraishi: drafting/revision of the manuscript for content,

Neurology.org/N

including medical writing for content; major role in the ac-
quisition of data; analysis or interpretation of data. E.-
J. Sternberg: drafting/revision of the manuscript for content,
including medical writing for content; major role in the ac-
quisition of data; analysis or interpretation of data. I. George:
drafting/revision of the manuscript for content, including
medical writing for content; major role in the acquisition of
data; analysis or interpretation of data. A. Sivaraju: drafting/
revision of the manuscript for content, including medical
writing for content; major role in the acquisition of data;
analysis or interpretation of data. J. Bonito: drafting/revision
of the manuscript for content, including medical writing for
content; major role in the acquisition of data. H.P. Zaveri:
drafting/revision of the manuscript for content, including
medical writing for content; major role in the acquisition of
data; analysis or interpretation of data. L.M. Gober: drafting/
revision of the manuscript for content, including medical
writing for content; analysis or interpretation of data. S.
Ahammad: drafting/revision of the manuscript for content,
including medical writing for content; analysis or in-
terpretation of data. S. Ghoshal: drafting/revision of the
manuscript for content, including medical writing for content;
major role in the acquisition of data; analysis or interpretation
of data. K. Wu: drafting/revision of the manuscript for con-
tent, including medical writing for content; major role in the
acquisition of data; analysis or interpretation of data. P. Far-
ooque: drafting/revision of the manuscript for content, in-
cluding medical writing for content; major role in the
acquisition of data; analysis or interpretation of data. L.-
J. Hirsch: drafting/revision of the manuscript for content,
including medical writing for content; major role in the ac-
quisition of data; analysis or interpretation of data. E. Dam-
isah: drafting/revision of the manuscript for content,
including medical writing for content; major role in the ac-
quisition of data; analysis or interpretation of data. J.L. Ger-
rard: drafting/revision of the manuscript for content,
including medical writing for content; major role in the ac-
quisition of data; analysis or interpretation of data. D.D.
Spencer: drafting/revision of the manuscript for content,
including medical writing for content; major role in the
acquisition of data; analysis or interpretation of data. J.Y.
Yoo: drafting/revision of the manuscript for content, in-
cluding medical writing for content; major role in the ac-
quisition of data; analysis or interpretation of data.
JJ. Young: drafting/revision of the manuscript for content,
including medical writing for content; major role in the
acquisition of data; analysis or interpretation of data. D.
Friedman: drafting/revision of the manuscript for content,
including medical writing for content; major role in the
acquisition of data; analysis or interpretation of data.
J. Shum: drafting/revision of the manuscript for content,
including medical writing for content; major role in the
acquisition of data; analysis or interpretation of data. H.
Blumenfeld: drafting/revision of the manuscript for con-
tent, including medical writing for content; major role in
the acquisition of data; study concept or design; analysis or
interpretation of data.

Neurology | Volume 105, Number 6 | September 23,2025

€213965(11)
Copyright © 2025 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://neurology.org/n

Downloaded from https://www.neurology.org by Hannah Hyde on 15 October 2025

Study Funding 2.
This work was supported by NIH UG3/UH3 NS112826, the
Loughridge Williams Foundation, and the Betsy and Jonathan 2+
Blattmachr family.
28.
Disclosure
The authors report no relevant disclosures. Go to Neurology. 2.
org/N for full disclosures. .
Publication History 2
Previously published in bioRxiv (doi:10.1101/2024.09.20.614207).
Received by Neurology® December 17, 2024. Accepted in final form 2
June 5, 202S. Submitted and externally peer reviewed. The handling ’
editors were Associate Editor Emily Johnson, MD, MPH, and Associate
Editor Barbara Jobst, MD, PhD, FAAN. 30.
References 31
1. Posner JB, Saper CB, Schiff ND, Claassen J. Plum and Posner’s Diagnosis and Treatment 32.
of Stupor and Coma (Contemporary Neurology Series). Sth ed. Oxford University Press;
2019.
2. Blumenfeld H. Brain mechanisms of conscious awareness: detect, pulse, switch, and 33.
wave. Neuroscientist. 2023;29(1):9-18. doi:10.1177/10738584211049378
3. Guye M, Régis J, Tamura M, et al. The role of corticothalamic coupling in human
temporal lobe epilepsy. Brain. 2006;129(pt 7):1917-1928. doi:10.1093 /brain/awl151 34.
4. Lambert I, Bartolomei F. Why do seizures impair consciousness and how can we reverse
this? Curr Opin Neurol. 2020;33(2):173-178. doi:10.1097/WC0.0000000000000794 3S.
S. Englot DJ, Yang L, Hamid H, et al. Impaired consciousness in temporal lobe seizures:
role of cortical slow activity. Brain. 2010;133(pt 12):3764-3777. d0i:10.1093 /brain/
awq316 36.
6. Blumenfeld H. Impaired consciousness in epilepsy. Lancet Neurol. 2012;11(9):
814-826. doi:10.1016/S1474-4422(12)70188-6
7. Arthuis M, Valton L, Régis J, et al. Impaired consciousness during temporal lobe 37.
seizures is related to increased long-distance cortical-subcortical synchronization.
Brain. 2009;132(pt 8):2091-2101. doi:10.1093/brain/awp086
8. Bartolomei F, Naccache L. The global workspace (GW) theory of consciousness and 38.
epilepsy. Behav Neurol. 2011;24(1):67-74. doi:10.3233/BEN-2011-0313
9. Bartolomei F, McGonigal A, Naccache L. Alteration of consciousness in focal epi-
lepsy: the global workspace alteration theory. Epilepsy Behav. 2014;30:17-23. doi:
10.1016/j.yebeh.2013.09.012 39.
10.  Blumenfeld H, Rivera M, McNally KA, Davis K, Spencer DD, Spencer SS. Ictal
neocortical slowing in temporal lobe epilepsy. Neurology. 2004;63(6):1015-1021. doi: 40.
10.1212/01.wnl.0000141086.91077.cd
11.  Blumenfeld H. Arousal and consciousness in focal seizures. Epilepsy Curr. 2021;21(5):
353-359. doi:10.1177/15357597211029507 41.
12.  Motelow JE, Li W, Zhan Q, et al. Decreased subcortical cholinergic arousal in focal
seizures. Neuron. 2015;85(3):561-572. doi:10.1016/j.neuron.2014.12.058
13.  Englot DJ, Mishra AM, Mansuripur PK, Herman P, Hyder F, Blumenfeld H. Remote 42.
effects of focal hippocampal seizures on the rat neocortex. ] Neurosci. 2008;28(36):
9066-9081. doi:10.1523/JNEUROSCI.2014-08.2008 43.
14.  Sieu LA, Singla S, Liu J, et al. Slow and fast cortical cholinergic arousal is reduced in
a mouse model of focal seizures with impaired consciousness. Cell Rep. 2024;43(12): 44.
115012. doi:10.1016/j.celrep.2024.115012
1S. Kundishora AJ, Gummadavelli A, Ma C, et al. Restoring conscious arousal during focal
limbic seizures with deep brain stimulation. Cereb Cortex. 2017;27(3):1964-1975. doi:
10.1093/cercor/bhw035 45.
16.  Filipescu C, Lagarde S, Lambert I, et al. The effect of medial pulvinar stimulation on
temporal lobe seizures. Epilepsia. 2019;60(4):25-30. doi:10.1111/epi.14677
17.  Yadav T, Kremen V, Doucet C, et al. Stimulation of the Thalamus for Arousal Restoral 46.
in Temporal Lobe Epilepsy (START) clinical trial. American Epilepsy Society Ab-
stract 2-436. 2022. https://aesnet.org/abstractslisting/stimulation-of-the-thalamus-
for-arousal-restoral-in-temporal-lobe-epilepsy-(start)-clinical-trial 47.
18.  Williamson PD, Spencer DD, Spencer SS, Novelly RA, Mattson RH. Complex partial
seizures of frontal lobe origin. Ann Neurol. 1985;18(4):497-504. doi:10.1002/
ana.410180413 48.
19.  O’Muircheartaigh J, Richardson MP. Epilepsy and the frontal lobes. Cortex. 2012;
48(2):144-155. doi:10.1016/j.cortex.2011.11.012
20.  Bonini F, Lambert I, Wendling F, McGonigal A, Bartolomei F. Altered synchrony and 49.
loss of consciousness during frontal lobe seizures. Clin Neurophysiol. 2016;127(2):
1170-1175. doi:10.1016/j.clinph.2015.04.050
21.  Theodore WH, Porter RJ, Albert P, et al. The secondarily generalized tonic-clonic seizure: S0.
a videotape analysis. Neurology. 1994;44(8):1403-1407. doi:10.1212/wnl44.8.1403
22.  Jobst BC, Williamson PD, Neuschwander TB, Darcey TM, Thadani VM, Roberts
DW. Secondarily generalized seizures in mesial temporal epilepsy: clinical charac- S1.
teristics, lateralizing signs, and association with sleep-wake cycle. Epilepsia. 2001;
42(10):1279-1287. doi:10.1046/j.1528-1157.2001.09701.x
Neurology | Volume 105, Number 6 | September 23,2025
€213965(12)

Blumenfeld H, Varghese G, Purcaro MJ, et al. Cortical and subcortical networks in
human secondarily generalized tonic-clonic seizures. Brain. 2009;132(pt 4):999-1012.
doi:10.1093 /brain/awp028

Varghese GI, Purcaro MJ, Motelow JE, et al. Clinical use of ictal SPECT in secondarily
generalized tonic-clonic seizures. Brain. 2009;132(pt 8):2102-2113. doi:10.1093/
brain/awp027

Herman WX, Smith RE, Kronemer S, et al. A switch and wave of neuronal activity in
the cerebral cortex during the first second of conscious perception. Cereb Cortex.
2019;29(2):461-474. doi:10.1093/cercor/bhx327

Papademetris X, Jackowski MP, Rajeevan N, et al. Biolmage Suite: an integrated
medical image analysis suite: an update. Insight J. 2006;2006:209.

Yang Al Wang X, Doyle WK, et al. Localization of dense intracranial electrode arrays
using magnetic resonance imaging. Neuroimage. 2012;63(1):157-165. doi:10.1016/
j-neuroimage.2012.06.039

Lee HW, Youngblood MW, Farooque P, et al. Seizure localization using three-
dimensional surface projections of intracranial EEG power. Neuroimage. 2013;83:
616-626. doi:10.1016/j.neuroimage.2013.07.010

Youngblood MW, Han X, Farooque P, et al. Intracranial EEG surface renderings: new
insights into normal and abnormal brain function. Neuroscientist. 2013;19(3):238-247.
doi:10.1177/1073858412447876

Andrews JP, Gummadavelli A, Farooque P, et al. Association of seizure spread with
surgical failure in epilepsy. JAMA Neurol. 2019;76(4):462-469. doi:10.1001/
jamaneurol.2018.4316

bioimagesuite.org

Lambert I, Arthuis M, McGonigal A, Wendling F, Bartolomei F. Alteration of global
workspace during loss of consciousness: a study of parietal seizures. Epilepsia. 2012;
53(12):2104-2110. doi:10.1111/§.1528-1167.2012.03690.x

Lehembre R, Gosseries O, Lugo Z, et al. Electrophysiological investigations of brain
function in coma, vegetative and minimally conscious patients. Arch Ital Biol. 2012;
150(2-3):122-139. doi:10.4449/aib.v150i2.1374

Steriade MM, McCarley RW. Brainstem Control of Wakefulness and Sleep: Springer
Science & Business Media; 2013.

Blumenfeld H, McNally KA, Vanderhill SD, et al. Positive and negative network
correlations in temporal lobe epilepsy. Cereb Cortex. 2004;14(8):892-902. doi:
10.1093/cercor/bhh048

McPherson A, Rojas L, Bauerschmidt A, et al. Testing for minimal consciousness in
complex partial and generalized tonic-clonic seizures. Epilepsia. 2012;53(10):
€180-e183. doi:10.1111/j.1528-1167.2012.03657.x

Berman R, Negishi M, Vestal M, et al. Simultaneous EEG, fMRI, and behavior in
typical childhood absence seizures. Epilepsia. 2010;51(10):2011-2022. doi:10.1111/
j-1528-1167.2010.02652.x

Guo JN, Kim R, Chen Y, et al. Impaired consciousness in patients with absence
seizures investigated by functional MRI, EEG, and behavioural measures: a cross-
sectional study. Lancet Neurol. 2016;15(13):1336-1345. doi:10.1016/S1474-
4422(16)30295-2

Brodovskaya A, Kapur J. Circuits generating secondarily generalized seizures. Epilepsy
Behav. 2019;101(pt B):106474. doi:10.1016/j.yebeh.2019.106474

Klein JC, Rushworth MF, Behrens TE, et al. Topography of connections between
human prefrontal cortex and mediodorsal thalamus studied with diffusion tractog-
raphy. Neuroimage. 2010;51(2):555-564. doi:10.1016/j.neuroimage.2010.02.062
Fiebelkorn IC, Pinsk MA, Kastner S. The mediodorsal pulvinar coordinates the
macaque fronto-parietal network during rhythmic spatial attention. Nat Commun.
2019;10(1):2185. doi:10.1038/s41467-018-08151-4

Catani M, Dell’acqua F, Vergani F, et al. Short frontal lobe connections of the human
brain. Cortex. 2012;48(2):273-291. doi:10.1016/j.cortex.2011.12.001

Unterberger I, Bauer R, Walser G, Bauer G. Corpus callosum and epilepsies. Seizure.
2016;37:55-60. doi:10.1016/j.seizure.2016.02.012

Beniczky S, Neufeld M, Diehl B, et al. Testing patients during seizures: a European
consensus procedure developed by a joint taskforce of the ILAE: Commission on
European Affairs and the European Epilepsy Monitoring Unit Association. Epilepsia.
2016;57(9):1363-1368. doi:10.1111/epi.13472

Touloumes G, Morse E, Chen WC, et al. Human bedside evaluation versus automatic
responsiveness testing in epilepsy (ARTIE). Epilepsia. 2016;57(1):e28-e32. doi:
10.1111/epi.13262

Wheeler L, Kremen V, Mersereau C, et al. Automatic responsiveness testing in epi-
lepsy with wearable technology: the ARTIE watch. Epilepsia. 2025;66(1):104-116.
doi:10.1111/epi.18181

Juan E, Gérska U, Kozma C, et al. Distinct signatures of loss of consciousness in focal
impaired awareness versus tonic-clonic seizures. Brain. 2023;146(1):109-123. doi:
10.1093 /brain/awac291

McCafferty C, Gruenbaum BF, Tung R, et al. Decreased but diverse activity of cortical
and thalamic neurons in consciousness-impairing rodent absence seizures. Nat
Commun. 2023;14(1):117. doi:10.1038/s41467-022-35535-4

Charidimou A, Selai C. The effect of alterations in consciousness on quality of life
(QoL) in epilepsy: searching for evidence. Behav Neurol. 2011;24(1):83-93. doi:
10.3233/BEN-2011-0321

Braakman HM, Vaessen MJ, Jansen JF, et al. Aetiology of cognitive impairment in
children with frontal lobe epilepsy. Acta Neurol Scand. 2015;131(1):17-29. doi:
10.1111/ane.12283

Patrikelis P, Angelakis E, Gatzonis S. Neurocognitive and behavioral functioning in
frontal lobe epilepsy: a review. Epilepsy Behav. 2009;14(1):19-26. doi:10.1016/
j.yebeh.2008.09.013

Neurology.org/N

Copyright © 2025 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000213965
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000213965
https://aesnet.org/abstractslisting/stimulation-of-the-thalamus-for-arousal-restoral-in-temporal-lobe-epilepsy-(start)-clinical-trial
https://aesnet.org/abstractslisting/stimulation-of-the-thalamus-for-arousal-restoral-in-temporal-lobe-epilepsy-(start)-clinical-trial
http://www.bioimagesuite.org
http://neurology.org/n

