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The loss of consciousness (LOC) during seizures is one of the most striking features that significantly impact the quality of life, even
though the neuronal network involved is not fully comprehended. We analyzed the intracerebral patterns in patients with focal drug-
resistant epilepsy, both with and without LOC. We assessed the localization, lateralization, stereo electroencephalography (SEEG)
patterns, seizure duration, and the quantification of contacts exhibiting electrical discharge. The degree of LOC was quantified using the
Consciousness Seizure Scale. Thirteen patients (40 seizures) with focal drug-resistant epilepsy underwent SEEG. In cases of temporal
lobe epilepsy (TLE, 6 patients and 15 seizures), LOC occurred more frequently in seizures with mesial rather than lateral temporal lobe
onset. On the other hand, in cases of frontal lobe epilepsy (7 patients; 25 seizures), LOC was associated with pre-frontal onset, a higher
number of contacts with epileptic discharge compared to the onset count and longer seizure durations. Our study revealed distinct
characteristics during LOC depending on the epileptogenic zone. For temporal lobe seizures, LOC was associated with mesial seizure
onset, whereas in frontal lobe epilepsy, seizure with LOC has a significant increase in contact showing epileptiform discharge and a
pre-frontal onset. This phenomenon may be correlated with the broad neural network required to maintain consciousness, which can

be affected in different ways, resulting in LOC

consciousness; stero-EEG; epilepsy

The term “consciousness” has its origin in the Latin word “con-
scientia” which means “knowledge shared with others” (Fabbro
et al. 2019). Definitions of consciousness vary across different aca-
demic fields, such as philosophy and psychology. In neurosciences,
consciousness is generally defined as a wakeful state character-
ized by the ability to perceive, interact, and communicate with
the environment and others in the integrated manner that wake-
fulness normally implies (Gloor 1986, Dennett 1995, Searle 2000,
Baars 2005, Monaco et al. 2005, Ali et al. 2012, Beniczky et al. 2016).
Although much has been written about consciousness, it contin-
ues to be a topic of ongoing discussion (Searle 2000, Tononi 2005,
Alietal. 2012, Campora and Kochen 2016).

Epilepsy is a prevalent disorder that affects approximately 1 in
200 people (Espinosa-Jovel et al. 2018) within the population. The
loss of consciousness (LOC) represents one of the most dramatic
clinical manifestations of seizures, including both generalized
and focal seizures. However, the underling mechanisms behind
LOC are not fully understood. Despite conceptual uncertainties,
the assessment of consciousness is undeniably fundamental in

epilepsy (Johanson et al. 2011, Beniczky et al. 2016). Previously,
our group developed a survey which includes the evaluation of
memory and subjective perceptions during seizures (Campora and
Kochen 2016). The survey aims to provide an assessment of dif-
ferent components of consciousness. Furthermore, in previous
studies, our group analyzed intracerebral signals also in both tem-
poral and frontal epilepsy using quantified methods. We observed
a dramatic drop of the phase-locking value before seizure onset
(SO) within the epileptogenic zone (EZ), indicating the synchro-
nization of intracerebral signals across different brain regions
during seizures (Campora et al. 2019). We also characterized the
time-locked index to quantify the degree of harmonicity between
frequency bands during seizures (Dellavale et al. 2020). Subse-
quently, we studied the relationship between frequency bands
during seizures and identified an increase in variance after seizure
onset, with the predominance of power in the theta and alpha
bands in seizures with LOC (Capitan et al. 2019, Campora et al.
2019, Maidana Capitan et al. 2020).

Recent studies in the field of consciousness have gathered
data regarding the connection between intracerebral signals
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(Bartolomei and Naccache 2011). One prominent theory is the
Global Workspace Theory, which proposes that conscious pro-
cessing results from coherent neuronal activity between widely
distributed brain regions, with a particular emphasis on fronto-
parietal-associative cortices.

The objectives of this study was to analyse and describe the
intracerebral electrophysiological activity during focal seizures
associated to LOC. This research aims to contribute in a better
understanding of the neural network dynamics at play during loss
of consciousness.

Methodology

This study received approval from the Ethics Review Board of El
Cruce Hospital, in accordance with the principles outlined in the
Declaration of Helsinki. Prior to participation, all patients provided
written informed consent that had been approved by the ethics
board, following standard procedures.

We selected a total of 13 adult patients diagnosed with drug-
resistant focal epilepsy who required SEEG as part of their clinical
evaluation. All patients underwent a detailed medical record and
neurological examination, neuropsychological testing, routine
magnetic resonance image (MRI), scalp EEG, and SEEG.

Assessment of clinical LOC

To evaluate the level of consciousness, we utilized the Conscious-
ness Seizure Scale (CSS) (Arthuis et al. 2009, Bartolomei and
Naccache 2011). This scale assesses consciousness through eight
items, which were rated independently by two epileptologists (N.C.
and S.K.). [tems 1-7 were scored 0 or 1, while the eighth item was
scored from O to 2. This scoring system results in a possible total
score ranging from 0 to 9. Based on the total score, we categorized
patients into three groups: those without LOC (<1), those with an
intermediate LOC (2-5), and those with LOC (>6).

Evaluation of epileptogenic zone

In our study, we adopted the theoretical concept (Kahane et al.
2006) that defines the epileptogenic zone (EZ) as the region from
which the epileptogenic discharge originates and immediately
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spreads. The concept is based on various factors including the
localization of the onset of the ictal discharge, the immediate
propagation pattern, ictal semiology, interictal discharge, and
brain MRI findings.

Electrode implantation

We utilized depth electrodes (Ad Tech) which came in two config-
urations: (i) 8 or 10 platinum contacts with inter-contact center
to center distance of 5 or 10mm, contact length of 2.4 mm, and
a diameter of 1.1mm, or (i) 9 platinum contacts with 3mm
distance between the first and the second contact and 6mm
inter-electrode distance from the second to the last and the elec-
trode diameter of 1.28 mm. Each electrode was identified by a
letter of the alphabet, and individual contacts within an electrode
were typically labeled with numbers starting from the deepest to
the base.

As anindicator of spatial extent of ictal recruitment, we consid-
ered the number of intracerebral contacts involved in the epilepto-
genic discharge. While this measure has its limitations, it provides
valuable insight into the approximate cerebral tissue involved in
the neuronal network.

Anatomic localization of electrode positions

The placement of electrodes during surgery was determined by
pre-established hypotheses regarding the likely site of SO and
propagation. These hypotheses were based on a combination of
electroencephalography, clinical, and MRI data. Therefore, the
positions of the electrodes were not standardized. In Fig. 1, we
have depicted all the electrodes that were analyzed, along with
their respective localization.

Intracranial electroencephalography recordings
We recorded SEEG signals using Cervello 1.04.200 software at a
sampling rate of 2000 Hz. Identification of the SO was performed
independently by two epileptologists (N.C. and S.K.).

The SO was recognized as the initial SEEG changes character-
ized by sustained rhythmic discharges or repetitive spike-wave
discharges that could not be attributed to changes in the patient’s

FRONTAL
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Frontal Lobe Electrodes

Figure 1. Inferior, lateral, and frontal view of all electrodes from 13 patients normalized and overlaid on a template 3D brain model. Contacts were
labeled using iElectrodes open-Source Toolbox (https://www.nitrc.org/projects/ielectrodes/), extracted from post-implant CT scans. Hippocampus and

amygdala are also depicted in the model for anatomical reference
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Figure 2. Examples of stereoelectroencefalography patterns

state. These changes resulted in habitual seizure symptoms con-
sistent with those reported in previous studies. The SO zone
was defined based on the contacts where these early ictal SEEG
changes were observed.

Periods of interest

We analyzed the seizure onset defined as the first 5 s following the
initial change observed in SEEG and maximal propagation, which
refers to the maximum number of electrode contacts involved
during a seizure.

The determination of the onset of LOC was rigorously estab-
lished by two independent evaluators (N.C. and S.K.). This determi-
nation was made when the patient was interacting with a family
member or technician but ceased to respond appropriately to the
technician, who initiated the application of the scales previously
described. Additionally, we presented the seizure video to the
patient, and they confirmed the moment when LOC occurred. In
cases where there was uncertainty in determining this moment,
those cases were excluded from the analysis for this paper (N =8).

SEEG signals

We categorized SEEG patterns into four types based on previous
reports (Perucca et al. 2014) (Fig. 2):

Pattern 1: Low-voltage fast activity (LVFA)

Pattern 2: High-amplitude, low-frequency periodic spike activ-
ity (1Hz)

Pattern 3: Acute low or medium voltage activity with a fre-
quency <13Hz

Pattern 4: Medium voltage spike activity with a frequency
between 2 and 4Hz

We excluded seizures with secondary generalization or those
induced by electrical stimulation. Electrodes with significant arti-
facts were disregarded. Seizures with poor quality videos, evalua-
tions conducted too late, or cases where more than 2 CSS items
were not scored were also excluded. The SEEG data were inde-
pendently analyzed by two reviewers (N.C. and SXK.), who were
blinded to clinical information. Consensus was reached through
discussion.

Statistical analysis

Qualitative variables were analyzed using Chi test or Fisher test
as appropriate. Quantitative variables were analyzed using t-test
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and ANOVA. Differences in the number of electrode contacts with
epileptiform discharge at the ictal onset and at the beginning of
LOC were analyzed using paired samples t-test. Statistical signifi-
cance levels were set at P < 0.05. The SPSS 20.0 for Windows was
used for all the statistical analyses.

RESULTS

Demographic and clinical data

We included a total of 13 patients (56 seizures) who were consid-
ered as surgical candidates at the Hospital El Cruce, between 2012
and 2017.

The average age of the patient was 28.25 + 6.86 years-old, the
average age at first seizure was 12.4246.5years-old and the
average time of epilepsy was 16.67 +9.23 years. Of the included
patients, 41.7% were female.

MRI findings indicated that 41.7% of the patients had normal
MRI results, 25% (three) exhibited focal cortical dysplasia, 16.7%

Table 1. Demographic characteristics

Temporal lobe

epilepsy Frontal epilepsy
(6 patients, 15 (7 patients, 25
seizures) seizures) P
Seizures with LOC 8 19
™)
Seizures without 7 6
LOC (N)
Aged (average + SD, 2847.53 29.7147.52 0.679
years)
Sex female/male 4/2 2/5 0.22
MRI
Normal (5/13) 3 2
Cortical retraction 1 1
(2/13)
Low-grade tumor 1 0
(1/13)
Hippocampal 1 0
alteration (1/13)
Focal cortical 0 4

dysplasia (4/13)

SD =standart desviation, P =patients, sz = seizures.



(two patients) displayed cortical retraction and 8.3% (one patient)
had alow-grade tumor. On average, the electrodes implanted were
5.67 +£2.23 and the contacts implanted were 43.42 + 8.05 (Tables 1
and 2).

Out of the 40 seizures analyzed, 13 seizures were without LOC
and 27 with LOC.

Based on the EZ localization, we divided patients in two groups:
temporal lobe epilepsy (TLE, 6 patients) and frontal epilepsy (FLE,
7 patients). There were no significant demographic differences
between these two groups (Table 1).

Temporal epilepsy
Seven seizures without alteration of consciousness (AOC), 4 pro-
found AOC and 3 with moderate AOC (Fig. 1).

Duration of seizure: Although seizures with profound AOC were
longer 4638 +1125s versus 2986 4 9.37 s without AOC), there was
no significant difference (P=0.692).

Topography: At ictal onset, hippocampal involvement was sig-
nificantly greater in seizures with profound AOC (87.5%), com-
pared to seizures without AOC (12.5%) (P =0.035). This is the same
as the time of propagation of activity when AOC (profound AOC
100% versus without AOC 28.6%, P=0.007) (Fig. 1).

Cortical size: The median of contact at the beginning of the
seizure was 6.38 + 3.57, and at the moment of AOC was 8.67 4 3.58.
We did not find relationship between number of contact and the
grade of LOC (P=0.12).

Lateralized: Seizure with profound AOC began 25% at the left
hemisphere and 75% at the right hemisphere. At the time of AOC,
75% had left involvement (50% bilateral).

The seizure without LOC began at right hemisphere 71.4% and
left hemisphere 28.6%, without contralateral propagation. iEEG
patterns: At seizure-onset, the most frequent pattern was 4 both
in profound AOC (62.5%) and without AOC (57.1%).

At the time of AOC, the most frequent pattern was Pattern 3
(55.6%), both in without AOC (57.1%) and profound AOC (50%).

Temporal lobe epilepsy

(N=6, seizures=15): Within this subgroup, eight seizures were
with LOC and seven seizures were without LOC.

Localization of epileptogenic discharge

In terms of localization, a substantial majority (87.5%, 7/8) of
seizures with LOC originated within the hippocampus, with only

Table 2. Data of the patients

one case originating in the lateral temporal cortex. Importantly,
across all instances, there was consistent engagement of the hip-
pocampus in the propagation of ictal activity. Among seizures
without LOC, 71.4% (5/7) initiated in the lateral temporal cortex,
while 28.6% (2/7) began in the hippocampus and remained in the
same region throughout all seizures.

So, seizures with LOC were significantly more likely to involve
the hippocampus at any point during the seizure (8/8 seizures)
compared to those without LOC (2/7 seizures, Fisher test P=0.007).

Number of contacts with epileptic discharge

Seizures with LOC showed no significant change between electrical
onset (8.38 +4.03) and maximal propagation (9.38 + 3.46; t-paired
test P=0,227).

In seizures without LOC, the number of contacts with epilep-
togenic activity remained stable during all the seizures (seizure
onset with 6.43 4+ 2.82 and maximal propagation with 6.71+ 3.4;
t-paired test, P=0.35).

We did not find any relation between the amount of contacts
and LOC.

Seizure duration

Seizures without LOC had an average duration of 2986 -+9.37s
and those with LOC lasted for 4638 +1125s. Although seizures
with LOC were longer, there was no significant difference (t-test,
P=0.692).

LOC typically began within the first 10s from seizure onset,
with an average onset time of 7.38 +£4.56s.

Hemisphere compromised

In terms of laterality, six (75%) of the seizures with LOC origi-
nated in the right temporal lobe and only one remained confined
in this hemisphere, while 5/6 propagated to the left hemisphere.
Two seizures (25%) originated in the left temporal lobe and stayed
within the same hemisphere during propagation. Thus, regarding
discharge spread, 87.5% (7/8) of seizures involved the left tem-
poral lobe, with only one seizure remaining confined to the right
hemisphere. Seizures that began in the left temporal lobe stayed
in the same hemisphere throughout the seizure. In seizures with-
out LOC, 71.5% (5/7) began in the right temporal lobe, and 28.5%
(2/7) in the left temporal lobe, with the activity staying within the
same lobe during all seizures.

Time from
Electrodes Contacts Number of surgery

Patient Gender EZ Side (amount) (amount) analyzed seizures Engel (years)
Patient 1 M FL L 1 44 4 I 6
Patient 2 M FL L 5 38 6 111 4
Patient 3 M FL L 5 35 8 Surgery pending N/A
Patient 4 M FL L 6 38 3 I 2
Patient 5 F FL R 5 44 8 I 6
Patient 6 M FL L 7 43 8 I 4
Patient 7 F FL R 5 28 1 I 1
Patient 8 M TL L 6 43 3 1I 4
Patient 9 M TL L 6 45 4 I 3
Patient10 F TL R 11 67 4 1I 3
Patient 11 F TL R 5 40 1 1I 6
Patient 12 F TL R 5 40 5 1I 2
Patient 13 F TL R 44 2 I 3

M: male, F: female, FL: frontal lobe, TL temporal lobe, L: left, R: right, PET: positron emission tomography, N/A: not applicable.



SEEG patterns

At seizure onset, those with LOC had pattern 4 in 5/8, pattern 3 in
2/8, and pattern 2 in 1/8. During propagation, the patterns were
pattern 3 in 4/8, pattern 1 in 3/8, and pattern 4 in 1/8. We did not
find statistical significance (pattern onset 3 and 4, Fisher P=0.121).

In seizures without LOC, the onset pattern was pattern 3 in 4/7,
and patterns 1, 2, and 4 had 1/7 each of them. The same patterns
remained consistent through the seizure.

Frontal epilepsy

(N =7, seizures = 25): Within this subgroup, there were six seizures
without LOC and 19 with LOC.

Localization of epileptogenic discharge

In seizures with LOC, the SO was prefrontal in 78.9% (15/19) of
cases, while it was the motor/premotor/insular cortex in 21.1%
(4/19) of cases. Regarding the propagation of activity in the group
with LOC, the prefrontal cortex was engaged in 94.7% (18/19)
of seizures, with only one instance retaining activity within the
motor/premotor/insular cortex. In the group without LOC, 83.3%
(5/6) had the onset in the motor/premotor/insular cortex, and one
seizure began in the prefrontal cortex (Fisher, P=0.001). Activity
remained in the same cortex throughout all seizures. All patients
had unilateral homolateral hippocampal electrode, and we did not
identify any epileptiform activity in them.

Number of contacts with epileptic discharge

In seizures with LOC, the amount of electrodes with epileptic
discharge at seizure onset was 3.62+ 1.6 and at maximal prop-
agation, it was 7.38 4 3.66 (t-paired test, P=0.007).

The amount of contacts with epileptiform activity remained
similar throughout seizures without LOC (seizure onset 5+1.89
versus maximal propagation 5.67 4+ 1.94, P=0.178).

The amount of contacts with epileptiform discharge increased
in seizure with LOC compared to the seizure onset (t-paired test,
P=0.007).

Seizure duration

The average duration of seizures without LOC was 2657 + 7.8 s, while
those with LOC had an average duration of 94.15 4+ 12.11s. Seizures
with LOC were significantly longer than those without LOC (t-test,
P=0.002).

In frontal seizures, LOC typically began after 10seconds from
frontal seizure onset, with an average of 37.29 +25.21s. When
compared to temporal seizures, where LOC occurs in 7.38 +4.56 s
in temporal seizures, we can determine that LOC begins earlier
in temporal seizures than in frontal seizures (assessed using an
Independent samples ttest, with the test Levene yielding a value
of 0.010 and a P-value of 0.04).

Hemisphere compromised

All patients had only unilateral electrodes, which limited the anal-
ysis of laterality in LOC. Then we describe seizures from each
hemisphere separately.

Seizures originating from right hemisphere showed that 7/9
were associated with LOC, while 2/9 occurred without LOC.

Most seizures originating from the left hemisphere have LOC
(12/16), while 4/16 occurring without LOC.

Although we could not analyze the relationship between LOC
and laterality, it is notable that most seizures originating from the
left hemisphere were associated with LOC.

SEEG patterns

At seizure onset, those with LOC had pattern 3 in 10/25 seizures,
pattern 1 in 8/25, and pattern 2 in 1/25. During propagation, in
seizures with LOC, the patterns were pattern 1 in 7/25, pattern 3
in 6/25, and pattern 2 and 4 in 3/25 each.

In frontal seizures without LOC, the onset pattern was pattern 3
in 5/6 and pattern 2 in 1/6, and these patterns remained consistent
throughout the seizure.

We did not find relation between SEEG patterns and LOC.

The international classification of epilepsy identified LOC as a cor-
nerstone for distinguishing the main categories of focal seizures
(Angeles 1981, Berg et al. 2010, Beniczky et al. 2016, Fisher et al.
2017). It emphasizes an essential characteristic that significantly
impacts the quality of life of patients. Seizures characterized by
LOC provide a unique model for studying reversible changes of
conscious in vivo, particularly in the context of intracerebral EEG
data. In clinical practice, consciousness is generally defined as
a state of wakefulness with the ability to perceive, interact, and
communicate with the environment and others in the integrated
manner that wakefulness normally implies (Kahane et al. 2006).

In this study, we included patients with temporal and frontal
epilepsies who were candidate for surgery. We analyzed LOC and
the characteristics of intracerebral electroencephalographic sig-
nals. Various theories were proposed regarding LOC (Yamauchi
1998, Tononi 2008, Yu and Blumenfeld 2009, Bartolomei and Nac-
cache 2011, Danielson et al. 2011). One theory previously applied
to epilepsy is the Global Workspace (GW) theory (Bartolomei and
Naccache 2011). GW explains LOC as oversyncronization between
cortical areas and deep structure. This theory was previously
applied both to temporal and frontal epilepsies, where it identified
the significant roles of the hippocampus, prefrontal and parietal
cortical areas, and the thalamus (Arthuis et al. 2009), (Bonini et al.
2016).

In TLE, LOC was more common when the hippocampus was
involved at any time during the seizure, consistent with previous
reports (Lux et al. 2002, Englot et al. 2010). There is consensus
of the important role of the hippocampus in consciousness. In
this work, we were unable to establish the involvement of other
extratemporal structures, such as parietal cortex and thalamus,
which were previously identified to be affected during LOC in
temporal epilepsy (Arthuis et al. 2009, Lambert et al. 2012).

We did not find a relation between laterality and LOC. The rela-
tionship between laterality and consciousness remains a subject
of debate (Lux et al. 2002, Bauerschmidt et al. 2013). Some reports
described a greater occurrence LOC in left-sided seizures (Gaz-
zaniga 1988), while others identified bilateral temporal involve-
ment (Gloor 1980, Munari 1980, Bancaud and Talairach 1993).
Some studies did not find any clear relationship (Lux et al. 2002).
Additionally, it is important to consider that language integrity is
often necessary for evaluation of consciousness, which can give
the left hemisphere more prominence (Blumenfeld 2012).

In the frontal epilepsy group, we observed the involvement
of the prefrontal area at seizure onset or during propagation in
seizures with LOC. This finding aligns with the established role of
the prefrontal cortex in the processing of consciousness. Several
studies identified prefrontal as well as parietal areas as main corti-
cal regions involved in consciousness (Laureys et al. 1999, Di Perri
et al. 2014, Bonini et al. 2016). None of the studied frontal seizures
involved the hippocampus. On the other hand, frontal seizures
with spared consciousness had onset mainly in pre-motor/motor



(non-prefrontal) areas. This is consistent with previous reports
that have suggested that the motor cortex is not functionally
involved in LOC (Blumenfeld et al. 2004a, 2004b, Bonini et al. 2014).

Although the number of contacts with epileptic activity has
a lot of limitations, we found a significant increase in their fir-
ing during epileptic propagation in frontal seizures with LOC. We
could hypothesize that LOC will occur during a seizure when a
critical volume of cortical tissue within essential areas is involved
by a hypersynchronized discharge, disrupting normal local func-
tioning and/or deactivating distant structures necessary for the
regulation of cognitive processes and maintaining vigilance. This
is aligns with the GW theory (Bartolomei et al. 2014, Bonini et al.
2016).

Frontal seizures with LOC were observed to be longer than
those without LOC, a difference not seen in temporal epilepsy. Fur-
thermore, the onset of LOC in frontal lobe epilepsy occurred later
in seizure compared to TLE.

A limitation of this study is the lack of evaluation of non-
epileptogenic electrical changes, such as slow waves. Previous
studies have related a slowdown in activity in bifrontal and ipsi-
lateral parietal areas in TLE (Blumenfeld et al. 2004b) with LOC.
Additionally, the sample sizes were relatively small, and these
results should be further verified and investigated in larger sample
sizes in future studies.

In conclusion, temporal seizures with LOC are characterized
by hippocampal involvement at any time of the seizure. In frontal
epilepsy, seizures with LOC are characterized by the involvement
of prefrontal areas, an increase in contacts with epileptogenic
discharge, longer duration, and no hippocampal compromise.

Future studies applying other methodologies, both analogical
and quantitative, for signal analysis are necessary to characterize
functional connectivity between spatially distributed regions and
to explore the pathophysiological mechanisms during LOC.

We thank Wililam Bray and Victoria Tsimplis for their valuable
assistance in proofreading the manuscript, enhancing its gram-
matical accuracy.
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