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Abstract: Absence seizures are classically associated with behavioral arrest and transient deficits in consciousness, yet substantial
variability exists in the severity of the impairment. Despite several decades of research on the topic, the pathophysiology of absence
seizures and the mechanisms underlying behavioral impairment remain unclear. Several rationales have been proposed including
widespread cortical deactivation, reduced perception of external stimuli, and transient suspension of the default mode network, among
others. This review aims to summarize the current knowledge on the neural correlates of impaired consciousness in absence seizures.
We review evidence from studies using animal models of absence epilepsy, electroencephalography, functional magnetic resonance
imaging, magnetoencephalography, positron emission tomography, and single photon emission computed tomography.
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Introduction

Understanding human consciousness has proven challenging, both philosophically and scientifically. Research on
disorders of consciousness has provided valuable insights into the neuronal mechanisms underlying consciousness and
facilitated the development of practical definitions. Despite ongoing debates over the meaning of consciousness, it is
typically defined as a state of arousal and awareness in the clinical setting.! Both cortical and subcortical structures have
been implicated in consciousness. These include, but are not limited to, the brainstem’s ascending reticular activating
system as well as various reticulothalamocortical and extrathalamic pathways.' Connectivity within the default mode
network (DMN), which comprises the medial frontal cortex, precuneus, posterior cingulate cortex (PCC), medial
temporal and lateral parietal lobes, also appears to play a key role in maintaining consciousness.>”

Typical absence seizures consist of brief episodes of staring and unresponsiveness associated with generalized 3—4 Hz
spike-wave discharges on electroencephalogram (EEG). They typically last 2—10 seconds, are often accompanied by
eyelid fluttering and automatisms, and may be provoked by hyperventilation.*> Absence seizures can occur in various
epilepsy syndromes (e.g., childhood absence epilepsy, juvenile absence epilepsy), each characterized by different ages of
onset, seizure frequencies, other seizure types, and expected outcomes.® Although similar, atypical absence seizures are
less common than typical absences, and involve less clear clinical onset and offset, slower and more irregular spike-wave
discharges on EEG, and usually occur in association with more severe developmental impairment.>’

While absence seizures are generally thought to involve transient deficits in consciousness, the degree of impairment
can vary substantially between individuals as well as from one episode to the next in the same individual.>® Over the past
few decades, researchers have attempted to better understand the pathophysiology of absence seizures through various
modalities ranging from animal models to EEG and functional magnetic resonance imaging (fMRI). However, several
outstanding questions around the neural underpinning of impaired consciousness in absence seizures remain. A deeper
grasp of neurobiological mechanisms may pave the way for new therapeutic approaches to reduce the impact of absence
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seizures on patients’ attentive and cognitive functions, particularly among non-responders to current anti-seizure
medications. This review therefore aims to describe our current understanding of the neural correlates of altered
consciousness in absence seizures, drawing from behavioral, electrophysiological, and neuroimaging studies.

Methods

We performed a narrative review of the literature. The PubMed database was searched for available journal articles up to
October 2023. Only articles published in English were reviewed. A variety of search terms relevant to the topic were used,
such as “absence”, “epilepsy”, “consciousness”, “awareness”, “EEG”, “tMRI”, “MEG”, and “emission tomography”,
among others. Additional relevant articles were also identified by reviewing the reference list of retrieved papers. Studies
that described neural activity associated with absence seizures but did not specifically mention concurrent impairment in

responsiveness were excluded. A summary of findings from different studies is provided in Table 1.

Table | Studies Supporting Key Findings of Altered Consciousness in Absence Epilepsy, Classified by Modality

Evidence From:

Key Findings:

EEG

fMRI

MEG

PET

SPECT

I. Evidence of increased thalamic activity and/
or decreased cortical activity during
absence seizures.

Kumar, 2023.°

Bai, 2010,'°
Benuzzi, 20|5,II
Berman, 20|O,I2
Carney, 20|0,|3
Gotman, 2005,'*
Guo, 2016,°
Laufs, 2006,

Li, 2009,'®
Moeller, 2008,'”
Moeller, 2010.'®

Bilo, 2010,"°
Shimogori, 2017.2°

Nehlig, 2004.'

2. Frontal lobe predominance in absence

seizures.

Bai, 2010,'°
Berman, ZOIO,|2
Guo, 20162
Kumar, 2021,%
Kumar, 2023.°

Benuzzi, 20|5,II
Berman, 20|0,I2
Laufs, 2006,
Li, 2009,
Moeller, 2010.'®

Jiang, 2019,
Shi, 2019,%*
Sun, 2021,%
Sun, 2021,%¢
Sun, 2023,7
Sun, 2023,%8
Tenney, 2013.%°

Bilo, 2010,"°
Shimogori, 2017.2°

lanneti, 2001.3°

3. Transient deactivation of DMN regions dur-

ing absence seizures.

Kumar, 2021,%
Kumar, 2023.°

Bai, 2010,'°
Benuzzi, 20|5,II
Berman, 20|O,I2
Carney, 20|0,|3
Gotman, 2005,'*
Guo, 2016,°
Laufs, 2006,

Li, 2009,'®
Moeller, 2008,'”
Moeller, 2010.'®

Shi, 2019,%*
Sun, 2021,%¢
Sun, 2023,%8
Wang, 2023.3'

Bilo, 2010,"?
Shimogori, 2017.2°

4. Spike-wave discharges with impaired con-
sciousness are more physiologically intense
(e.g., greater EEG/fMRI amplitude) than

those with retained consciousness.

Guo, 20162
Kumar, 2021,%
Kumar, 2023.°

Berman, 20|0,I2
Carney, 20|0,|3
Guo, 2016,°

Li, 2009.'¢

(Continued)
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Table | (Continued).

Evidence From:

Key Findings: EEG fMRI MEG PET SPECT
5. Prolonged spike-wave discharges are more | Guo, 20I6,8 Carney, 20I0,|3

likely to be associated with impaired con- Kumar, 202|,22

sciousness than brief seizures. Li, 2009.'®
6. Cortical and subcortical changes precede | Aarabi, 2008.32 Bai, 20I0,IO Sun, 2023,27

the initiation of absence seizures. Carney, 20|0,|3 Sun, 2023,28

Guo, 20168 Tenney, 2013.%°

Measures of Consciousness in Absence Seizures
Awareness is a subjective experience that is inherently difficult to measure and evaluate. Therefore, numerous test
paradigms have used recall and behavioral responsiveness as surrogates for consciousness.

Behavior during absence seizures can vary from complete unresponsiveness to no detectable deficits.® In absences,
there is evidence that consciousness is more likely to be retained during tasks that are less behaviorally demanding.®*
This had initially been observed in older studies where performance was less severely affected during simple repetitive
motor tasks (e.g., finger tapping) than during more complex tasks (e.g., counting aloud).’>**? Recent studies have used
the Continuous Performance Task (CPT), which consists of pressing a button each time the letter “X” appears in
a sequence of letters, and the Repetitive Tapping Task (RTT), which consists of pressing a button each time any letter
appears on the screen. Multiple groups have demonstrated greater and longer behavioral impairment during CPT, a more
attentionally demanding task, compared to RTT.*!'%!

The assessment of behavioral responsiveness or task performance during absence seizures is a common approach for
classifying episodes into those with either preserved or impaired consciousness. However, direct response testing can be
challenging given the abrupt and brief nature of absence seizures as well as the limited collaboration of young pediatric
patients.”> Additionally, within the existing literature, there is a notable lack of consensus regarding what constitutes
preserved awareness. Different studies use arbitrary performance thresholds on the CPT task, with one study using
a threshold of correct responses above 75% to define spared awareness® compared to 100% in another study.'* Others
simply classified events into absences and subclinical spike-wave discharges based on clinical signs (e.g., the partici-
pant’s response to direct questioning, behavioral arrest).”16%2 Lastly, the use of maneuvers such as hyperventilation to

. . . . . 812212
induce absence seizures was inconsistent between studies,” =~ 6

which may introduce additional confounders given
differences in attentional demands and cerebral vasoconstriction.'® This lack of standardization makes drawing definitive

conclusions challenging.

Neural Correlates of Impaired Consciousness in Absence Seizures

Several rationales have been proposed to account for the variable severity of impaired awareness observed in absence seizures.
One possible explanation is that seizures affecting or sparing consciousness may involve distinct focal brain regions.>*®-’
Alternatively, some studies have suggested that all absence seizures engage generalized brain networks, but that conscious-
ness-impairing seizures impact these networks more profoundly than consciousness-sparing seizures.®'*'® The next section
reviews evidence from studies using different modalities to delve into the brain regions implicated in absence seizures and

contrast them with those classically involved in consciousness.

Evidence from Animal Studies

Animal models of absence epilepsy have markedly advanced our understanding of how spike-wave discharges are
generated at the cellular level. Different genetic models in rodents (e.g., WAG/RIj, Stargazer, and genetic absence
epilepsy rat from Strasbourg [GAERS]) have provided evidence that spike-wave discharges are initiated by a cortical
focus, most commonly the primary somatosensory cortex, with subsequent propagation to the thalamus and motor
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cortices.*® Correspondingly, the localized administration of lidocaine or tetrodotoxin within the primary somatosensory
cortex, but not in other thalamocortical areas, was observed to inhibit spike-wave discharges.3 738 More precisely, in vivo
intracellular electrophysiological recordings have identified deep-layer pyramidal neurons within the primary somato-
sensory cortex as the ictogenic neurons in absence seizures.*®

Although rodent absence epilepsy models have face validity with respect to co-morbidities, developmental character-
istics, and response to anti-seizure medications, their external validity has been questioned because of contradictory fMRI
findings with human studies.?” Indeed, human patients with absence seizures consistently exhibit decreased cortical blood-

8.10.13.39 (hereas rodents were found to have increased cortical

oxygen-level-dependent (BOLD) signal during seizures,
BOLD signal.>****! However, McCafferty et al hypothesized that this discrepancy was secondary to the anesthetic agents
given to rodents prior to the fMRI scan which altered their BOLD responses.>> Through a habituation paradigm, they were
able to obtain fMRI measurements in unanesthetized GAERS rats and found decreased cortical BOLD activity, consistent
with findings in human studies. Subsequent invasive recording revealed a decrease in overall neuronal activity in the cortex
during behavior-impairing absence seizures along with enhanced rhythmicity of all neuronal types.*?

Through the years, various mechanisms for impaired consciousness in absence seizures have been proposed. For
instance, in a study using two-photon calcium imaging in a genetic mouse model, Meyer et al suggested that
asynchronous suppression of the visual cortex may mediate cortical network dysfunction and loss of awareness during
absence seizures.*> However, no direct comparison of neuronal activity in the primary visual cortex in absence seizures
with impaired versus spared behavior was made.

Evidence from EEG

The high temporal resolution of EEG has been used in numerous studies to demonstrate the involvement of highly
synchronized cortico-subcortical networks in absence seizures.>*'""'® The bilateral synchronous 3—4 Hz spike-wave
discharges characteristic of typical absence seizures tend to be broadly distributed, although a frontal amplitude
predominance has been documented.®®!? Interestingly, the overall distribution pattern for absences with preserved
versus impaired task performance was similar.® However, in both animal and human studies, spike-wave discharges
associated with behavioral impairment were found to have significantly greater mean fractional EEG power than those
with preserved behavioral responses.®**** Prolonged absence seizures were also more likely to affect consciousness than
brief seizures.®*2-?

The exact low-resolution electromagnetic tomography (eLORETA) algorithm has been applied to routine EEG data to
compare the neuronal networks implicated in ictal and interictal spike-wave discharges in patients with childhood
absence epilepsy.” Although electrographically indistinguishable, ictal spike-wave discharges during absence seizures
are associated with behavioral impairments while interictal spike-wave discharges have no apparent clinical correlate.
For delta band, the connectivity between the thalamus and the PCC, precuneus, angular gyrus, supramarginal gyrus as
well as superior parietal and occipital regions was stronger in absence seizures compared to subclinical spike-wave
discharges.” This increased connectivity between the thalamus and areas of the DMN was suggested to account for the
impairment of consciousness observed in absence seizures.

Springer et al developed a machine-learning algorithm able to predict behavioral impairment during spike-wave
discharges with 100% positive predictive value.* The model relied purely on a combination of preictal and ictal EEG
features including spatial distribution, EEG time, and frequency domain. Although the model would benefit from further
refinement and validation in a larger cohort, EEG-based machine learning systems represent a promising new approach
for identifying more subtle predictors of behavioral impairment in absence seizures.

Evidence from fMRI

The high spatial resolution of MRI has proven instrumental in exploring which brain regions are involved in absence
seizures and their relative contribution to the associated impairment in consciousness. Numerous groups have shown
spike-wave discharges during absence seizures with transiently impaired consciousness to coincide with bilateral
increases in BOLD signal in the thalamus and decreases in the frontal lobe, occipital cortex, caudate nucleus, and
areas of the DMN.3!'%1213:17.18 Other subcortical structures such as the cerebellum and brainstem reticular formation
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have also been implicated, although less consistently.'®'"!* These findings suggest that abnormal thalamocortical
synchronization during absence seizures results in momentary suspension of the DMN and widespread cortical deactiva-
tion, leading to a state of altered consciousness.'*'® One study specifically focusing on the neural mechanisms under-
pinning the termination of absence seizure with impaired responsiveness found that spike-wave discharge offset was
associated with increased BOLD signal in the PCC."" Evidence of suppressed PCC activity during absence seizure
followed by BOLD signal recovery in this area at the time of seizure termination supports the role of the PCC in
alterations of consciousness.''

Studies using the simultaneous acquisition of EEG and fMRI directly compared the neuronal networks underlying
ictal and interictal spike-wave discharges in patients with absence epilepsy. The functional connectivity within the
corticothalamic network was weaker and less widespread in interictal compared to ictal discharges, possibly accounting
for the preserved consciousness observed during subclinical interictal events.'*!'® Similarly, Guo et al found that absence
seizures with spared behavioral responses showed lower fMRI amplitude in the default-mode, task-positive, and primary
sensorimotor-thalamic networks relative to absence seizures with greater behavioral impairments.® Although each
individual study included only a small number of participants, the direct comparison of spike-wave discharges associated
with and without behavioral alterations helps elucidate the brain network dynamics responsible for cognitive impairment
during absence seizures.''® Overall, the magnitude of BOLD signal changes in the thalamus and cortex have been
consistently associated with the degree of impaired consciousness in absence seizures.

Evidence from MEG

Magnetoencephalography (MEQG) is an attractive modality to study neural networks implicated in absence seizures because
of its superior spatiotemporal resolution and robustness to signal distortions from the skin and skull. MEG studies of
patients with childhood absence epilepsy have shown early ictal activity to be predominantly localized to the frontal and
parietal cortices.”**>*%%° Some groups have also demonstrated altered activity of the precuneus and other regions of the
DMN during absence seizures, although the exact nature of these changes was inconsistent between studies.?®!

Similar to fMRI and EEG, MEG has been used to contrast ictal and subclinical interictal generalized spike-wave
discharges in an attempt to uncover the mechanism behind altered consciousness in absence seizures. In the alpha frequency
band, the magnetic source of ictal spike-wave discharges localized to the frontal lobes, whereas the magnetic source of
interictal spike-wave discharges primarily localized to the PCC and precuneus.”**® Compared to the interictal group, the
ictal group was found to have enhanced theta-band oscillations in the lateral occipital cortex, suggesting decreased neuronal
activity in the occipital region and thus impaired visual processing.?’ Additionally, while alpha-frequency activity was
dominant in the frontal lobes of both ictal and interictal discharges, ictal discharges exhibited enhanced power.”” Excessive
alpha oscillations within the frontal areas are thought to dampen the influence of irrelevant information and block the
reception of meaningful external stimuli. As a result, patients gradually transition into a deeply introspective state.”® These
results have led the authors to propose that impaired responsiveness in absence seizures stems not from loss of conscious-

ness, but rather from insensitivity to incoming visual signals and transition into an introspective state.?’

Evidence from PET

Numerous studies using ictal positron emission tomography (PET) identified global and focal changes in brain
metabolism during absence seizures. However, discrepancies exist between findings from older and newer studies,
which have primarily been attributed to the superior resolution of modern PET scanners.?’ In the 1980s to early 2000s,
some studies using 18F-fluorodeoxyglucose (FDG)-PET in patients with absence seizures found evidence of diffuse
hypermetabolism,** while others found no consistent change in brain metabolism in the ictal and interictal periods.*’
More recent studies revealed consistent findings of increased metabolism of the thalamus and cerebellum along with
reduced metabolism of the frontal, parietal, and posterior cingulate cortices.'>*° This pattern of activation and deactiva-
tion is strikingly similar to that observed in fMRI studies. It also supports the hypothesis that relative deactivation of the
DMN may be responsible for the alterations in consciousness observed during absence seizures.'®
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It has been suggested that cortical hypometabolism may result from glucose depletion or glycogen underutilization.*’
Accordingly, prolonged absence seizures would be associated with more severe neuronal compromise due to substrate
depletion, thereby explaining why longer absences are associated more pronounced alterations in consciousness.

Evidence from SPECT

Single photon emission computed tomography (SPECT), a tool used in preoperative assessment of drug-resistant
epilepsy, non-invasively measures changes in cerebral blood flow and helps identify epileptogenic foci. However,
SPECT has seldom been used to study generalized epilepsy, particularly typical absence seizures. In 2000, a Turkish
group used concomitant SPECT and EEG recordings to investigate the pathophysiology of childhood absence epilepsy.*®
They found evidence of diffusely increased cerebral blood flow, which was more pronounced in patients with clinical
absence seizures than those with spike-wave discharges without clinical correlate. Ianneti et al also demonstrated cortical,
basal ganglia, and thalamic hyperperfusion during ictal SPECT.>° Conversely, a study using superimposed MRI and
SPECT images reported diffusely reduced cerebral perfusion during typical absence seizures, in accordance with human
fMRI and animal studies.?' Overall, SPECT studies have yielded controversial results, which likely reflect a combination
of technical limitations and confounders such as the effects of hyperventilation and anti-seizure medications on cerebral
blood flow.

Seizure Time Course and Consciousness
Using a variety of different modalities, a number of groups have demonstrated that cortical and subcortical changes can
precede the initiation of absence seizures.®*’**>47 For instance, rodent studies of absence seizures identified EEG
alterations that began up to 60 seconds prior to the first spike-wave discharge, and that coincided with a reduction in
neuronal firing and altered behavior.***° Similarly, multiple human fMRI studies have demonstrated early BOLD signal
changes beginning at least five to ten seconds before seizure onset.®'%'*'* Although these findings were corroborated by
Guo et al, they observed that fMRI changes only preceded absence seizures that were associated with impaired, but not
spared, behavior.®

In light of these findings, some authors have postulated on the emergence of a pre-ictal susceptible brain state,
characterized by reduced DMN/cortical activity and decreased arousal.®** This pre-ictal brain state may make brain
networks particularly vulnerable to absence seizures, facilitating the occurrence of ictal spike-wave discharge.*® Pre-ictal
brain states engaging a larger number of neurons or more intense neuronal activity are thought to result in more severe
behavioral impairments and longer lasting EEG changes.® This brings forth the intriguing possibility that impairment in
consciousness is not caused by, but rather predisposes to, prolonged spike-wave discharges.*” The suggested permissive
role of the DMN in absence seizure occurrence aligns well with the observation that absences occur more frequently in
periods of fatigue or rest, when the DMN is active.® Alternatively, abnormal fMRI signals prior to seizure onset could be
explained by changes occurring in deeper brain structures, which are not captured by surface EEG electrodes.*

Genetic Factors

While genetic factors play a key role in absence seizures in most individuals, identifying specific genes and associated
molecular mechanisms involved has been challenging. For patients with epilepsy syndromes involving only absence
seizures, the two most common being childhood absence epilepsy and juvenile absence epilepsy, the underlying genetics
appear to be complex, involving multiple genes and possibly influenced by epigenetic and environmental factors.>® There
are, however, several monogenic causes of absence epilepsy.

One associated gene is SLC241 (OMIM 138140), which encodes glucose transporter 1 (GLUT1), responsible for
transport of glucose into the cerebrospinal fluid.>' Pathogenic variants in SLC241 are associated with a range of absence
epilepsy phenotypes, and are identified in 10% of early-onset absence epilepsy patients.’>>* However, SLC2A41
pathogenic variants are also associated with other phenotypes, with features including hypoglycorrhachia, intellectual
disability, microcephaly, paroxysmal kinesigenic dyskinesia, hemiplegic migraine, and other seizure types such as
myoclonic and generalized tonic-clonic, illustrating that impaired brain energy metabolism can result in a range of

neurological sequelae.”°
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Genes encoding gamma-aminobutyric acid (GABA) receptor subunits such as GABRA1 (OMIM 137160), GABRB3
(OMIM 137192), and GABRG2 (OMIM 137164) have also been associated with absence epilepsy, suggesting disruption
of GABA-mediated pathways could play a role in absence seizure generation.”’ >’ However, in all cases, the same genes
have been implicated in other forms of epilepsy, indicating that the GABA receptor dysfunction is not specifically linked
to absence seizures alone.>”->%-60762

Finally, disruption in cerebral calcium channel function has been suggested as a risk factor for absence epilepsy,
largely based on variants identified in CACNAIH (OMIM 607904).°*%* Evidence in this area is more limited, but the

mechanism may be a gain of function.®*

Conclusion

Overall, the specific physiological processes underpinning alterations in consciousness in absence seizures are not well
established. While absence seizures engage widespread brain networks, studies across various modalities have shown
regional variations with some brain areas, notably the frontal cortex, being more intensely involved than others.
However, whether this regional heterogeneity is responsible for the variable impairment in consciousness observed in
absences remains unclear. Interestingly, observed changes in EEG and fMRI signals prior to seizure onset has raised the
question of what comes first: a vulnerable state which predisposes to impaired consciousness or the initiation of spike-
wave discharges. Larger studies using concurrent recordings with different modalities and standardized definitions of
altered versus preserved consciousness are needed. Gaining insights into the mechanism underlying impaired conscious-
ness in absence seizures may inform the development of new therapies and ultimately mitigate the cognitive and
psychiatric consequences of absence epilepsy on patients.
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BOLD, blood-oxygen-level-dependent; CPT, Continuous Performance Task; DMN, default mode network; EEG, elec-
troencephalogram; FDG, 18F-fluorodeoxyglucose; fMRI, functional magnetic resonance imaging; MEG, magnetoence-
phalography; PCC, posterior cingulate cortex; PET, positron emission tomography; RTT, Repetitive Tapping Task;
SPECT, single photon emission computed tomography.
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