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Abstract: Continuous EEG (cEEG) monitoring is the gold standard for detecting electrographic
seizures in critically ill children and the current consensus-based guidelines recommend urgent cEEG
to detect electrographic seizures that would otherwise be undetected. The detection of seizures usually
leads to the use of antiseizure medications, even though current evidence that treatment leads to
important improvements in outcomes is limited, raising the question of whether the current strategies
need re-evaluation. There is emerging evidence indicating that the presence of electrographic seizures
is not associated with unfavorable neurological outcome, and thus treatment is unlikely to alter the
outcomes in these children. However, a high seizure burden and electrographic status epilepticus is
associated with unfavorable outcome and the treatment of status epilepticus is currently warranted.
Ultimately, outcomes are more likely a function of etiology than of a direct effect of the seizures
themselves. We suggest re-examining our current consensus toward aggressive treatment to abolish
all electrographic seizures and recommend a tailored approach where therapeutic interventions
are indicated when seizure burden breaches above a critical threshold that may be associated with
adverse outcomes. Future studies should explicitly evaluate whether there is a positive impact of
treating electrographic seizures or electrographic status epilepticus in order to justify continuing
current approaches.
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Children 2023, 10, 258. https:// intensive care units may have epileptic abnormalities in their EEG [1-5]. The identification
doi.org/10.3390/children10020258 of such abnormalities often results in treatment with antiseizure medications [6], with the
implicit expectation that this will improve their neurological outcomes. However, recent
studies and the re-evaluation of previous studies raises a correlation versus causation
concern that we will discuss in this commentary (Figure 1).
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consensus based guidelines strongly recommend that cEEG should be widely used and that

these abnormalities should be treated [8]. The guidelines were successfully implemented
= with increased adherence to cEEG after the publication of guidelines [9]. Broad acceptance

of the guidance has led to increased detection of electrographic seizures with downstream
changes in clinical management, mostly in the form of new drugs or increased doses of
the current drug when electrographic seizures are identified [3]. In a survey of adult and
child neurologists, 63% aimed to obliterate all electrographic seizures and 5% would treat
only if electrographic status epilepticus was detected [3]. Thus, the idea that electrographic
abnormalities in the EEG are harmful and should be treated is deeply embedded in current
practice. However, if this assertion is not correct and there are other more important
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determinants of outcomes, then it is critically important that those pathophysiological
phenomena are studied, and new treatments developed.
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Figure 1. Conceptual framework for the relationships between electrographic seizures and adverse
outcomes. (a) shows a causative relationship where the electrographic seizures per se make a signifi-
cant contribution to outcomes. There is an impact of the underlying etiology, particularly if there is
an acute neurological insult, but this currently receives less attention than the potential impact of
electrographic seizures. (b) shows a correlation where the etiology is the main predictor of outcomes.
As the severity of the insult increases, the likelihood that electrographic seizures will occur increases
and the likelihood of an adverse outcome increases. The impact of electrographic seizures on the
outcomes is likely small and only in the context of electrographic status epilepticus.

We accept that the recognition of electrographic seizures is important for understand-
ing an overall clinical picture. However, the most critical question should be whether
these electrographic phenomena cause brain injury in a way that negatively impacts the
outcomes for these children. The evidence supporting this view is lacking and, if anything,
there is accumulating evidence that short electrographic seizures, in the absence of elec-
trographic status epilepticus, do not significantly impact the outcomes [4]. There remains
controversy about whether electrographic status epilepticus is harmful [2,4,10]. Therefore,
the distinction between electrographic seizures and electrographic status epilepticus is
important to define. The widely accepted definition of an electrographic seizure is an
abnormal, paroxysmal EEG change from the baseline that lasts longer than 10 s with a
plausible electrographic field as well as evolution in the frequency and morphology that
is not associated with any obvious clinical correlate. Electrographic status epilepticus
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has been commonly defined as EEG changes lasting >30 min or recurrent electrographic
seizures totaling >30 min in 1 h. The average length of an electrographic seizure is less
than 1 min and most electrographic seizures are brief and self-resolving [5]. In this review,
we argue that the evidence that seizures are harmful deserves a critical evaluation. We
will initially address the relationship between convulsive status epilepticus and adverse
outcomes as this is considered the situation in which brain injury is most likely to occur.

Status Epilepticus and Brain Injury: There is a long-standing hypothesis that status
epilepticus leads to neuronal death and makes a significant contribution to adverse out-
comes [11]. The primary source of this hypothesis derives from animal models in which
status epilepticus is chemically or electrically induced [12-15]. Many of these models dis-
play evidence for brain injury, particularly to the hippocampus [12,16]. The potential mech-
anisms that underlie brain injury include excitotoxicity [17,18] and inflammation [19-21].
Administration of anti-excitotoxicity agents such as MK-801 are effective at preventing
brain injury and epileptogenesis if administered prior to the induction of status epilepti-
cus [22]. Administration of MK-801 at the end of status epilepticus still reduces brain injury,
but not epileptogenesis [23]. Despite these results, the clinical use of ketamine (another
anti-excitotoxicity agent) has not become widespread. The activation of inflammatory
processes has also been hypothesized to be a mechanism underlying brain injury in status
epilepticus [19-21,24-27]. In animal models, Cox-2 inhibitors [26], erythropoietin [28,29]
and corticosteroids [30] have been tested as neuroprotective agents. There is evidence both
in support and against the use of these agents. Recently, a clinical trial of erythropoietin in
hypoxic-ischemic encephalopathy showed no benefit beyond the benefit of cooling [31].
Therefore, even if these mechanisms are important for the determination of outcomes, the
preclinical evidence that treating on the basis of these mechanisms is weak. Therefore, the
advice has been to treat status epilepticus directly so that these injurious mechanisms do
not come into play.

The suggestion that the injury is a direct consequence of seizures has been extremely
influential in guiding clinical concepts about the investigation and treatment of status
epilepticus in humans. However, there are other possible explanations for the findings and
there should be caution with respect to translating the animal data to the human situation.
It has been extensively shown in animal models that there are many strategies for inducing
status epilepticus that are associated with subsequent brain injury. However, there are also
chemical models of status epilepticus that do not display subsequent brain injury (e.g.,
the pentylenetetrazole model) [32]. Interestingly, this was the case even when the seizure
manifestations did not significantly differ from those observed in other models that are
associated with injury. This raises the issue of why there is no consistent injury across
all models and may suggest that the mechanism of inducing the seizure is important in
determining the outcome from the seizure. In terms of translatability, these models are
best considered as models of status epilepticus in the context of an acute brain insult in
a person with a previously normal brain. They may not be good models for studying
the consequences of status epilepticus in people with pre-existing brain diseases that
predispose to seizures. This obviously includes patients with epilepsy, but may also apply
to people with genetic and metabolic disorders. This idea has not been tested for status
epilepticus. However, there is no additional negative impact on outcomes in an animal
model of the malformation of cortical development after the induction of frequent seizures
in the neonatal period [33]. Thus, the underlying etiology is the critical predictor of outcome
and not any seizure related phenomena. The severity and timing of acute neurological
insults such as hypoxia and infections will influence the severity of downstream brain
injury and also influence whether the insult will lead to status epilepticus.

Studies in humans with status epilepticus do not consistently show relationships
between any seizure characteristics such as duration or focality and the outcomes [34-36].
If the seizure is a fundamental contributor to outcome, then such a correlation would be
expected, given the evidence above that excitotoxicity and inflammation may lead to brain
injury with status epilepticus but not with short seizures. The lack of correlation strongly
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suggests that even if status epilepticus per se contributes to brain injury, there must be
other factors such as the etiology of status epilepticus that are also important. The most
common form of status epilepticus in children is febrile status epilepticus, which occurs
in children that are normally developing and without a known underlying neurological
disease [37,38]. The evaluation of outcomes in this group of children therefore provides
the best human evidence of whether status epilepticus causes brain injury in a situation
in which etiology is unlikely to be making a major contribution. There are two major
studies evaluating the outcomes from febrile status epilepticus [37,39-41]. Both show that
there is an uncommon association between febrile status epilepticus and abnormalities
identified in the hippocampus within 2 days of termination of the event. A 10 year follow
up of the London Cohort revealed excellent outcomes with very low incidence of new
neurological (including epilepsy) or cognitive impairments and no correlation between
seizure duration and those outcomes [34]. Thus, the evidence for the seizure per se being
injurious is weak. Against that background, it is important to note that children with
pre-existing neurological impairments also do not seem to show long-term worsening of
their impairments, although this is more difficult to measure [34]. These latter children
certainly have worse neurological outcomes than children with febrile status epilepticus,
but this is a function of the underlying etiology. It is also likely that adverse outcomes in
children with TBI, meningitis, metabolic disorders, etc. that have seizures is also heavily a
function of the underlying etiology. Therefore, there is reason to reconsider the negative
independent impacts of status epilepticus and by logical extension, the treatments. The
observations above relate to convulsive status epilepticus, considered the most dangerous
seizure type. This suggests that ‘lesser’ seizure types such as electrographic seizures are
likely to be less harmful, and therefore the current approaches to this phenomenon also
deserve reevaluation.

Treatment of Electrographic Seizures: The current recommendations are that electro-
graphic seizures in critically ill children should be treated with antiseizure medications [6].
This advice deserves critical evaluation given the increasing recognition that short electro-
graphic seizures are not associated with adverse outcomes [4]. However, it is also worth
considering whether the subset of children with electrographic status epilepticus should
be treated.

In a recent large prospective study, electrographic status epilepticus was associated
with worse neurobehavioral outcome after adjusting for variables such as age, acute en-
cephalopathy category, encephalopathy severity (initial EEG background category and
comatose state at CEEG initiation), and critical illness severity [4]. Electrographic status
epilepticus did not predict mortality. This supports the idea that status epilepticus is harm-
ful, and that treatment could improve the outcomes. However, several other variables such
as EEG background activity, the presence of coma at presentation, and the presence of prior
epileptic seizures were also strong predictors of outcome including mortality. Importantly,
the presence of previous seizures predicted a good outcome. In all circumstances, the
odds ratio for the prediction of adverse outcomes was greater for the non-seizure related
EEG abnormalities than the odds ratio for the association between electrographic status
epilepticus and adverse outcome. Statistically correcting for these other variables does not
make them clinically irrelevant, but rather, should highlight their importance.

This idea that non-seizure EEG abnormalities are better predictors of outcome is
supported by other studies showing that the more ‘malignant” background EEG patterns
with or without interictal discharges such as burst suppression, diffuse attenuation, or
discontinuous features, and poor sleep spindles are associated with worse outcomes. These
backgrounds are also associated with higher seizure burdens [10] compared to milder
features that are associated with better outcomes [42]. This suggests that it is the degree
of injury, rather than the presence of electrographic seizures that is a major contributor
to the developmental outcomes. When looking at neurological outcomes in post cardiac
arrest children, Smith et al. found that while the presence of clinical status epilepticus was
associated with increased risk of death and unfavorable prognosis, isolated clinical seizures
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did not have the same association with neurological outcomes [43]. When further dissected
into the presence of electrographic seizures in post cardiac arrest patients, they found no
difference in the outcomes in those with electrographic seizures and those without. The
more important diagnostic indicator of prognosis was background abnormality, a marker of
the severity of brain injury. Importantly, there was again an interaction between the severity
of background abnormalities and presence of electrographic seizures. Those with more
malignant background abnormalities (unreactive, discontinuous, poor sleep transients)
were associated with a higher electrographic seizure burden [4,43]. This suggests that other
factors play more into the worse neurological outcomes than the electrographic seizures
themselves, and that the seizures are more a marker of injury than a modifiable risk factor.
Future research that attempts to understand the other factors and define treatment strategies
has much potential for improving the outcomes.

These ideas on the association between adverse outcomes and electrographic seizures
versus clinical seizures alone extend to the neonatal period. There are many studies that
have shown a correlation between electrographic seizures and outcomes [44,45,45,46]. In
a recent study, full-term and near-term neonates with clinical seizures alone or clinical
seizures plus electrographic seizures, regardless of etiology, were recruited [47]. At 2-year
follow-up, there was no difference in the mortality and neurodevelopmental disabilities
between the groups [47]. It should be noted that this study utilized amplitude-integrated
EEG, thus seizures were not validated with conventional EEG. Nevertheless, the presence
of electrographic seizures did not predict adverse outcome, and thus supports the view that
etiology is critical. The heterogenous etiology in the recruited neonates made it difficult to
precisely define the complex relationship between the cause of brain injury and neonatal
seizures. However, in the neonate, as with older children, there may be a relationship
between high seizure burden and negative short-term and long-term neurological outcomes
including prolonged hospitalization, abnormal neurological exam on discharge, micro-
cephaly, cerebral palsy, and failure to thrive [44,46,48]. Thus, neonatal status epilepticus,
and not recurrent seizures, has been shown to be a risk factor for neurodevelopmental
disabilities and postnatal epilepsy at 24 months [49]. The question of whether the high
seizure burden causes or simply correlates with outcomes remains unanswered.

Non-seizure related factors that could be important include the timing of brain injury
and/or dysfunction relative to the antepartum, intrapartum, and postpartum dynamics
that can impact brain function. There is increasing recognition that there is an intricate
association between maternal and fetal factors that influences brain development and
its manifestations, which include neonatal seizures [44]. Moving the focus of neonatal
brain injury from aggressive treatment of seizures to understanding the environment-
mother—fetus interactions could ultimately have a far greater impact on the outcomes
from neonatal brain injury than the treatment of seizures. The nature and timing of the
disruption to developing neural networks in an environment-mother—fetus frame could
also have important implications for the children that have electrographic seizures in later
childhood and perhaps even adulthood. It remains unknown whether later outcomes differ
as a function of the cause of early neurological insult or not. Altogether, it is likely that
there is little causative association between neonatal seizures and poor outcome; instead,
it is a multifaceted phenomenon that questions the efficacy of the concrete approach to
abolish all seizures.

Neurologists and intensivists have been aggressively treating seizures and electro-
graphic abnormalities in the EEG for many years. There have been improvements in the
quality of EEG monitoring, decreased time to EEG in ICU settings, more rapid recogni-
tion of seizures, and increasing antiseizure medication treatment options [9,50]. However,
the clinical validity of these efforts with respect to improvement in the overall outcomes
remains uncertain. It is interesting that the literature is awash with papers showing a rela-
tionship between status epilepticus and outcomes, but there are very few papers addressing
whether there are improved outcomes with treatment. It is difficult to know whether this
is a function of publication bias in which negative studies are not reported or whether
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the studies have not yet been rigorously performed. Because of the existing bias toward
acceptance that status epilepticus is harmful, a traditional randomized controlled trial of
treatment versus no treatment is unlikely to be completed. However, there has been an
excellent study from Switzerland carried out in adults with electrographic, but not clinical
seizures, in the intensive care setting [51]. The authors randomized patients by having con-
tinuous EEG monitoring for 36 to 48 h, or two routine EEGs over the same time period [51].
The patients that were continuously monitored received more antiseizure medications, but
there was no difference in the mortality or cerebral performance at 6 months follow up.
This finding is supportive of the underlying etiology of brain injury being more significant
with regard to poor neurological outcome and that the seizures are merely a biomarker of
brain injury rather than a modifiable risk factor. Thus, there is reasonably strong evidence
that current consensus statements regarding the emergent need for continuous video EEG
monitoring in critically-ill patients are based on the correlation rather than causation of
seizure burden with acute brain injuries and poor outcomes. Perhaps it is time to revisit
these statements in light of new evidence.

The question of whether treatment of seizures worsens certain outcomes also deserves
consideration. Aggressive treatment of seizures could not only prolong mechanical venti-
lation in critically-ill patients, but also prolong sedation, increase the days of suboptimal
nutrition, prolong hospital length of stays, and increase rehabilitation needs post-acute
management. Unfortunately, most of these potential impacts have not been investigated.
The one area that has been studied is the length of stay in the intensive care unit. In a
very large study of 16,928 adults with non-traumatic subdural hematomas, the length of
intensive care stay increased from 3.36 days to 9.36 days in patients with seizures compared
to those without seizures [52]. The size of studies with children is smaller, but there is
evidence that the duration of PICU stay in children with electrographic seizures is longer
than that in critically ill children without seizures, and this duration increases further
with electrographic status epilepticus [2,4]. It remains uncertain whether the increased
duration of stay is a function of the underlying brain insult or aggressive use of antiseizure
medications. Nevertheless, children with electrographic status epilepticus are exposed to a
much higher number and dose of medications, many of which are sedating [6]. Almost
half of children with electrographic status epilepticus receive at least four antiepileptic
agents. Pentobarbital infusions, midazolam infusions, or isoflurane were used in 25% of
those with electrographic status epilepticus [6]. It should be noted that even those children
with electrographic seizures and no episodes of status epilepticus had prolonged PICU
stays compared to critically ill children with no seizures. This may suggest that even the
more traditional medications including lorazepam, levetiracetam, phenytoin, or sodium
valproate are having a negative impact on outcomes. Thus, in cases of low seizure burden,
if electrographic seizures play a limited role in contributing to worse neurological outcomes,
then the aggressive management of electrographic seizures may expose certain cohorts of
patients to increased risk associated with intensive care admission [53,54]. Ultimately, it
raises the question of what the treatment regimen is doing “to” the child versus “for” the
child. Many times, limited intervention could have a much more meaningful impact on
trajectory through PICU and the ultimate outcomes if one has the patience to assess the
patients’ entire clinical picture, rather than narrowly targeting electrographic seizures. Treat-
ment strategies tailored toward interventions when seizure burden breaches above a certain
threshold such as >30 min of seizure activity /hour where risks for negative neurological
outcome increases are more justifiable, although also on a weak conceptual footing.

We recognize that practice is unlikely to change rapidly and acknowledge that cEEG
will continue to be requested in the PICU. cEEG monitoring requires substantial hospital
resources and therefore should target the cohort of critically ill children who are most at
risk for electrographic status epilepticus, allowing for the more optimal use of limited
resources. In a prospective observational study by Abend et al., seizures were identified
in 87% of critically-ill children within the first 24 h of cEEG monitoring [55]. Therefore,
we propose that if no evidence of status epilepticus is identified within the first day of
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monitoring, then no further monitoring is required. It is also important that excessive
treatment is not given to children with short electrographic seizures simply because they
are being monitored. Based on the current data of when an increased risk of neurological
decline occurs with regard to electrographic seizure burden, the threshold to treat can
be set at electrographic status epilepticus or seizure burden >30 min/h. The presence of
seizures below this threshold does not impact the neurological outcome in either the short-
or long-term, and thus aggressive treatment could possibly lead to iatrogenic morbidities
including prolonged ventilation, prolonged sedation, and thus a delay in rehabilitation
intervention for recovery.

In summary, we propose that aggressive management to cease all electrographic
seizures may have little value and carries potential risk. Rather, we suggest that treatment
should be tailored to the underlying etiology of the neurological injury using the EEG back-
ground as a guide to establish a threshold above which a negative neurological outcome
is more probable. The approach to ICU cEEG monitoring in critically ill children should
be based on what will ultimately improve their neurological outcomes in the long-term
rather than short-term gratification with the cessation of electrographic seizures. After the
evaluation of the current data, we recommend re-examining our current consensus practice
of emergent EEGs and the aggressive treatment of isolated electrographic seizures. We
suggest limiting unnecessary interventions if the ultimate outcome is unchanged.

It is clear that EEG in the PICU setting is useful for prognostication in terms of both
abnormal background activities and the presence of electrographic status epilepticus. There
is mounting evidence that the treatment of short electrographic seizures does not alter
outcomes and may have adverse effects such as a prolongation of PICU stay. The remaining
question of whether treatment of electrographic status epilepticus alters outcomes remains
uncertain, and therefore the treatment of electrographic status epilepticus remains valid,
albeit in the knowledge that we may be having limited meaningful clinical impact. Future
studies focusing on improving outcomes should include metrics that address the impact of
etiology in relation to the treatment of electrographic status epilepticus.

Author Contributions: Conceptualization: R.S., methodology: R.S., L.T. and R.-W., Writing—original
draft preparation, RW. and L.T., writing-review and editing: L.T. and R.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This paper received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schreiber, ] M.; Zelleke, T.; Gaillard, W.D.; Kaulas, H.; Dean, N.; Carpenter, ].L. Continuous Video EEG for Patients with Acute
Encephalopathy in a Pediatric Intensive Care Unit. Neurocritical Care 2012, 17, 31-38. [CrossRef] [PubMed]

2. Abend, N.S.; Arndt, D.H.; Carpenter, ].L.; Chapman, K.E.; Cornett, K.M.; Gallentine, W.B.; Giza, C.C.; Goldstein, J.L.; Hahn, C.D.;
Lerner, ].T.; et al. Electrographic seizures in pediatric ICU patients: Cohort study of risk factors and mortality. Neurology 2013, 81,
383-391. [CrossRef] [PubMed]

3. Abend, N.S,; Dlugos, D.J.; Hahn, C.D.; Hirsch, L.J.; Herman, S.T. Use of EEG Monitoring and Management of Non-Convulsive
Seizures in Critically Ill Patients: A Survey of Neurologists. Neurocritical Care 2010, 12, 382-389. [CrossRef] [PubMed]

4. Fung, EW,; Wang, Z.; Parikh, D.S.; Jacobwitz, M.; Vala, L.; Donnelly, M.; Topjian, A.A.; Xiao, R.; Abend, N.S. Electrographic
Seizures and Outcome in Critically Ill Children. Neurology 2021, 96, e2749—2760. [CrossRef]

5. Sanchez, S.M.; Arndt, D.H.; Carpenter, J.L.; Chapman, K.E.; Cornett, K.M.; Dlugos, D.].; Gallentine, W.B.; Giza, C.C.; Goldstein,
J.L.; Hahn, C.D,; et al. Electroencephalography monitoring in critically ill children: Current practice and implications for future
study design. Epilepsia 2013, 54, 1419-1427. [CrossRef]

6.  Abend, N.S.; Sanchez, S.M.; Berg, R.A.; Dlugos, D.J.; Topjian, A.A. Treatment of electrographic seizures and status epilepticus in

critically ill children: A single center experience. Seizure 2013, 22, 467-471. [CrossRef]


http://doi.org/10.1007/s12028-012-9715-z
http://www.ncbi.nlm.nih.gov/pubmed/22565632
http://doi.org/10.1212/WNL.0b013e31829c5cfe
http://www.ncbi.nlm.nih.gov/pubmed/23794680
http://doi.org/10.1007/s12028-010-9337-2
http://www.ncbi.nlm.nih.gov/pubmed/20198513
http://doi.org/10.1212/WNL.0000000000012032
http://doi.org/10.1111/epi.12261
http://doi.org/10.1016/j.seizure.2013.03.008

Children 2023, 10, 258 80f9

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sanchez, S.M.; Carpenter, J.; Chapman, K.E.; Dlugos, D.].; Gallentine, W.B.; Giza, C.C.; Goldstein, J.L.; Hahn, C.D.; Kessler, S.K,;
Loddenkemper, T.; et al. Pediatric ICU EEG monitoring: Current resources and practice in the United States and Canada. J. Clin.
Neurophysiol. 2013, 30, 156-160. [CrossRef]

Herman, S.T.; Abend, N.S.; Bleck, T.P.; Chapman, K.E.; Drislane, EW.; Emerson, R.G.; Gerard, E.E.; Hahn, C.D.; Husain, A.M,;
Kaplan, PW.,; et al. Consensus Statement on Continuous EEG in Critically Ill Adults and Children, Part I: Indications. J. Clin.
Neurophysiol. 2015, 32, 87-95. [CrossRef]

Herman, .M.; Nguyen, T.D.; Chan, S.W.; Erklauer, J.; Riviello, J.J.; Lai, Y.-C. Implementation of a Pediatric Neurocritical Care
Program for Children With Status Epilepticus: Adherence to Continuous Electroencephalogram Monitoring. Pediatr. Crit. Care
Med. 2022, 23, 1037-1046. [CrossRef]

Payne, E.T.; Zhao, X.Y.; Frndova, H.; McBain, K.; Sharma, R.; Hutchison, ].S.; Hahn, C.D. Seizure burden is independently
associated with short term outcome in critically ill children. Brain 2014, 137, 1429-1438. [CrossRef]

Meldrum, B.S. Concept of activity-induced cell death in epilepsy: Historical and contemporary perspectives. Prog. Brain Res.
2002, 135, 3-11. [CrossRef] [PubMed]

Cavalheiro, E.A. The pilocarpine model of epilepsy. Ital. J. Neurol. Sci. 1995, 16, 33-37. [CrossRef] [PubMed]

Leite, J.P.; Babb, T.L.; Pretorius, ] K.; Kuhlman, P.A.; Yeoman, K.M.; Mathern, G.W. Neuron loss, mossy fiber sprouting, and
interictal spikes after intrahippocampal kainate in developing rats. Epilepsy Res. 1996, 26, 219-231. [CrossRef]

Lothman, E.W.; Bertram, E.H.; Bekenstein, ].W.; Perlin, ].B. Self-sustaining limbic status epilepticus induced by ‘continuous’
hippocampal stimulation: Electrographic and behavioral characteristics. Epilepsy Res. 1989, 3, 107-119. [CrossRef] [PubMed]
Mazarati, A.M.; Wasterlain, C.G.; Sankar, R.; Shin, D. Self-sustaining status epilepticus after brief electrical stimulation of the
perforant path. Brain Res. 1998, 801, 251-253. [CrossRef] [PubMed]

Leite, ].; Garcia-Cairasco, N.; Cavalheiro, E. New insights from the use of pilocarpine and kainate models. Epilepsy Res. 2002, 50,
93-103. [CrossRef] [PubMed]

Haglid, K.G.; Wang, S.; Qiner, Y.; Hamberger, A. Excitotoxicity. Experimental correlates to human epilepsy. Mol. Neurobiol. 1994,
9, 259-263. [CrossRef]

Meldrum, B. 9. Excitotoxicity and epileptic brain damage. Epilepsy Res. 1991, 10, 55-61. [CrossRef]

De Simoni, M.G.; Perego, C.; Ravizza, T.; Moneta, D.; Conti, M.; Marchesi, F; De Luigi, A.; Garattini, S.; Vezzani, A. Inflammatory
cytokines and related genes are induced in the rat hippocampus by limbic status epilepticus. Eur. J. Neurosci. 2000, 12, 2623-2633.
[CrossRef]

Maroso, M.; Balosso, S.; Ravizza, T.; Liu, J.; Aronica, E.; Iyer, A.M.; Rossetti, C.; Molteni, M.; Casalgrandi, M.; A Manfredi, A ; et al.
Toll-like receptor 4 and high-mobility group box-1 are involved in ictogenesis and can be targeted to reduce seizures. Nat. Med.
2010, 16, 413-419. [CrossRef]

Fabene, P.F; Mora, G.N.; Martinello, M.; Rossi, B.; Merigo, E; Ottoboni, L.; Bach, S.; Angiari, S.; Benati, D.; Chakir, A; et al. A role
for leukocyte-endothelial adhesion mechanisms in epilepsy. Nat. Med. 2008, 14, 1377-1383. [CrossRef] [PubMed]

Sparenborg, S.; Brennecke, L.; Jaax, N.; Braitman, D. Dizocilpine (MK-801) arrests status epilepticus and prevents brain damage
induced by soman. Neuropharmacology 1992, 31, 357-368. [CrossRef] [PubMed]

Loscher, W.; Brandt, C. Prevention or Modification of Epileptogenesis after Brain Insults: Experimental Approaches and
Translational Research. Pharmacol. Rev. 2010, 62, 668-700. [CrossRef]

Dhote, F; Peinnequin, A.; Carpentier, P; Baille, V.; Delacour, C.; Foquin, A.; Lallement, G.; Dorandeu, F. Prolonged inflammatory
gene response following soman-induced seizures in mice. Toxicology 2007, 238, 166-176. [CrossRef]

Dubé, C.; Vezzani, A.; Behrens, M.; Bartfai, T.; Baram, T.Z. Interleukin-13 contributes to the generation of experimental febrile
seizures. Ann. Neurol. 2004, 57, 152-155. [CrossRef]

Jung, K.-H.; Chu, K;; Lee, S.-T.; Kim, J.; Sinn, D.-L; Kim, J.-M.; Park, D.-K.; Lee, J.-J.; Kim, S.U.; Kim, M.; et al. Cyclooxygenase-2
inhibitor, celecoxib, inhibits the altered hippocampal neurogenesis with attenuation of spontaneous recurrent seizures following
pilocarpine-induced status epilepticus. Neurobiol. Dis. 2006, 23, 237-246. [CrossRef] [PubMed]

Duffy, B.A.; Choy, M.; Riegler, J.; Wells, J.A.; Anthony, D.C.; Scott, R.C.; Lythgoe, M.F. Imaging seizure-induced inflammation
using an antibody targeted iron oxide contrast agent. Neuroimage 2012, 60, 1149-1155. [CrossRef] [PubMed]

Chu, K;; Jung, K.-H.; Lee, S.-T.; Kim, J.-H.; Kang, K.-M.; Kim, H.-K,; Lim, ].-S.; Park, H.-K_; Kim, M.; Lee, S.K.; et al. Erythropoietin
reduces epileptogenic processes following status epilepticus. Epilepsia 2008, 49, 1723-1732. [CrossRef]

Jung, K-H.; Chu, K;; Lee, S.-T.; Park, K.-I.; Kim, J.-H.; Kang, K.-M.; Kim, S; Jeon, D.; Kim, M.; Lee, S.K; et al. Molecular
alterations underlying epileptogenesis after prolonged febrile seizure and modulation by erythropoietin. Epilepsia 2011, 52,
541-550. [CrossRef]

Duffy, B.; Chun, K.; Ma, D.; Lythgoe, M.; Scott, R. Dexamethasone exacerbates cerebral edema and brain injury following
lithium-pilocarpine induced status epilepticus. Neurobiol. Dis. 2014, 63, 229-236. [CrossRef]

Wu, Y.W,; Comstock, B.A.; Gonzalez, EE; Mayock, D.E.; Goodman, A.M.; Maitre, N.L.; Chang, T.; Van Meurs, K.P.; Lampland,
AL.; Bendel-Stenzel, E.; et al. Trial of Erythropoietin for Hypoxic-Ischemic Encephalopathy in Newborns. New Engl. ]. Med. 2022,
387, 148-159. [CrossRef]

Pineau, N.; Charriaut-Marlangue, C.; Motte, J.; Nehlig, A. Pentylenetetrazol seizures induce cell suffering but not death in the
immature rat brain. Dev. Brain Res. 1999, 112, 139-144. [CrossRef] [PubMed]


http://doi.org/10.1097/WNP.0b013e31827eda27
http://doi.org/10.1097/WNP.0000000000000166
http://doi.org/10.1097/PCC.0000000000003090
http://doi.org/10.1093/brain/awu042
http://doi.org/10.1016/s0079-6123(02)35003-9
http://www.ncbi.nlm.nih.gov/pubmed/12143350
http://doi.org/10.1007/BF02229072
http://www.ncbi.nlm.nih.gov/pubmed/7642349
http://doi.org/10.1016/S0920-1211(96)00055-1
http://doi.org/10.1016/0920-1211(89)90038-7
http://www.ncbi.nlm.nih.gov/pubmed/2707248
http://doi.org/10.1016/S0006-8993(98)00606-4
http://www.ncbi.nlm.nih.gov/pubmed/9729413
http://doi.org/10.1016/S0920-1211(02)00072-4
http://www.ncbi.nlm.nih.gov/pubmed/12151121
http://doi.org/10.1007/BF02816125
http://doi.org/10.1016/0920-1211(91)90095-W
http://doi.org/10.1046/j.1460-9568.2000.00140.x
http://doi.org/10.1038/nm.2127
http://doi.org/10.1038/nm.1878
http://www.ncbi.nlm.nih.gov/pubmed/19029985
http://doi.org/10.1016/0028-3908(92)90068-Z
http://www.ncbi.nlm.nih.gov/pubmed/1522953
http://doi.org/10.1124/pr.110.003046
http://doi.org/10.1016/j.tox.2007.05.032
http://doi.org/10.1002/ana.20358
http://doi.org/10.1016/j.nbd.2006.02.016
http://www.ncbi.nlm.nih.gov/pubmed/16806953
http://doi.org/10.1016/j.neuroimage.2012.01.048
http://www.ncbi.nlm.nih.gov/pubmed/22266177
http://doi.org/10.1111/j.1528-1167.2008.01644.x
http://doi.org/10.1111/j.1528-1167.2010.02916.x
http://doi.org/10.1016/j.nbd.2013.12.001
http://doi.org/10.1056/NEJMoa2119660
http://doi.org/10.1016/S0165-3806(98)00158-8
http://www.ncbi.nlm.nih.gov/pubmed/9974168

Children 2023, 10, 258 90f9

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Lucas, M.M.; Lenck-Santini, P.-P.; Holmes, G.L.; Scott, R.C. Impaired cognition in rats with cortical dysplasia: Additional impact
of early-life seizures. Brain 2011, 134, 1684-1693. [CrossRef]

Pujar, S.S.; Martinos, M.M.; Cortina-Borja, M.; Chong, W.K.K.; De Haan, M.; Gillberg, C.; Neville, B.G.; Scott, R.C.; Chin, R.F.
Long-term prognosis after childhood convulsive status epilepticus: A prospective cohort study. Lancet Child Adolesc. Heal. 2017, 2,
103-111. [CrossRef] [PubMed]

Chin, R.F,; Neville, B.G.; Peckham, C.; Bedford, H.; Wade, A.; Scott, R.C. Incidence, cause, and short-term outcome of convulsive
status epilepticus in childhood: Prospective population-based study. Lancet 2006, 368, 222-229. [CrossRef] [PubMed]

Chin, REM,; Neville, B.G.R.; Scott, R.C. Meningitis is a common cause of convulsive status epilepticus with fever. Arch. Dis.
Child. 2005, 90, 66—69. [CrossRef] [PubMed]

Scott, R.C.; Gadian, D.G.; King, M.D.; Chong, W.K.; Cox, T.C.; Neville, B.G.R.; Connelly, A. Magnetic resonance imaging findings
within 5 days of status epilepticus in childhood. Brain 2002, 125, 1951-1959. [CrossRef]

Scott, R.C. What are the effects of prolonged seizures in the brain? Epileptic Disord. 2014, 16, S6-S11. [CrossRef]

Scott, R.C.; King, M.D.; Gadian, D.G.; Neville, B.G.R.; Connelly, A. Hippocampal abnormalities after prolonged febrile convulsion:
A longitudinal MRI study. Brain 2003, 126, 2551-2557. [CrossRef]

Herrera, E.A.; Alvarez, S.Y.; Cobox, O.; Villeda, T.; Shinnar, S. Phenomenology of prolonged febrile seizures: Results of the febstat
study. Neurology 2009, 72, 1533-1534. [CrossRef]

Lewis, D.V,; Shinnar, S.; Hesdorffer, D.C.; Bagiella, E.; Bello, J.A.; Chan, S.; Xu, Y.; MacFall, J.; Gomes, W.A.; Moshé, S.L.; et al.
Hippocampal sclerosis after febrile status epilepticus: The FEBSTAT study. Ann. Neurol. 2014, 75, 178-185. [CrossRef] [PubMed]
Topjian, A.A.; Gutierrez-Colina, A.M.; Sanchez, S.M.; Berg, R.A ; Friess, S.H.; Dlugos, D.].; Abend, N.S. Electrographic Status
Epilepticus Is Associated With Mortality and Worse Short-Term Outcome in Critically Ill Children*. Crit. Care Med. 2013, 41,
215-223. [CrossRef]

Smith, A.E.; Friess, S.H. Neurological Prognostication in Children After Cardiac Arrest. Pediatr. Neurol. 2020, 108, 13-22.
[CrossRef] [PubMed]

McBride, M.C.; LaRoia, N.; Guillet, R. Electrographic seizures in neonates correlate with poor neurodevelopmental outcome.
Neurology 2000, 55, 506-514. [CrossRef] [PubMed]

Kang, S.K.; Kadam, S.D. Neonatal Seizures: Impact on Neurodevelopmental Outcomes. Front. Pediatr. 2015, 3, 101. [CrossRef]
[PubMed]

Glass, H.C.; Shellhaas, R.A.; Wusthoff, C.].; Chang, T.; Abend, N.S.; Chu, C.J.; Cilio, M.R.; Glidden, D.V,; Bonifacio, S.L.; Massey,
S.; et al. Contemporary Profile of Seizures in Neonates: A Prospective Cohort Study. J. Pediatr. 2016, 174, 98-103.e1. [CrossRef]
Hunt, RW,; Liley, H.G.; Wagh, D.; Schembri, R.; Lee, K.J.; Shearman, A.D.; Francis-Pester, S.; Dewaal, K.; Cheong, ].Y.L.; Olischar,
M.; et al. Effect of Treatment of Clinical Seizures vs Electrographic Seizures in Full-Term and Near-Term Neonates: A Randomized
Clinical Trial. JAMA Netw. Open 2021, 4, e2139604. [CrossRef]

Pinchefsky, E.F.; Hahn, C.D. Outcomes following electrographic seizures and electrographic status epilepticus in the pediatric
and neonatal ICUs. Curr. Opin. Neurol. 2017, 30, 156-164. [CrossRef]

Pisani, F.; Cerminara, C.; Fusco, C.; Sisti, L. Neonatal status epilepticus vs recurrent neonatal seizures: Clinical findings and
outcome. Neurology 2007, 69, 2177-2185. [CrossRef]

Wilson, C.A. Continuous electroencephalogram detection of non-convulsive seizures in the pediatric intensive care unit: Review
of the utility and impact on management and outcomes. Transl. Pediatr. 2015, 4, 283-289. [CrossRef]

Rossetti, A.O.; Schindler, K.; Sutter, R.; Riiegg, S.; Zubler, E; Novy, J.; Oddo, M.; Warpelin-Decrausaz, L.; Alvarez, V. Continuous
vs Routine Electroencephalogram in Critically Ill Adults With Altered Consciousness and No Recent Seizure: A Multicenter
Randomized Clinical Trial. JAMA Neurol. 2020, 77, 1225-1232. [CrossRef] [PubMed]

Joseph, J.R.; Smith, B.W.; Williamson, C.A.; Park, P. Seizure Correlates with Prolonged Hospital Stay, Increased Costs, and
Increased Mortality in Nontraumatic Subdural Hematoma. World Neurosurg. 2016, 92, 366-370. [CrossRef] [PubMed]
Stambouly, J.J.; McLaughlin, L.L.; Mandel, ES.; Boxer, R.A. Complications of care in a pediatric intensive care unit: A prospective
study. Intensiv. Care Med. 1996, 22, 1098-1104. [CrossRef] [PubMed]

Woodruff, A.; Choong, K. Long-Term Outcomes and the Post-Intensive Care Syndrome in Critically Il Children: A North
American Perspective. Children 2021, 8, 254. [CrossRef]

Abend, N.S.; Gutierrez-Colina, A.M.; Topjian, A.A.; Zhao, H.; Guo, R.; Donnelly, M.; Clancy, R.R.; Dlugos, D.]. Nonconvulsive
seizures are common in crticially ill children. Neurology 2011, 76, 1071-1077. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1093/brain/awr087
http://doi.org/10.1016/S2352-4642(17)30174-8
http://www.ncbi.nlm.nih.gov/pubmed/30169233
http://doi.org/10.1016/S0140-6736(06)69043-0
http://www.ncbi.nlm.nih.gov/pubmed/16844492
http://doi.org/10.1136/adc.2003.038844
http://www.ncbi.nlm.nih.gov/pubmed/15613516
http://doi.org/10.1093/brain/awf202
http://doi.org/10.1684/epd.2014.0689
http://doi.org/10.1093/brain/awg262
http://doi.org/10.1212/01.wnl.0000346464.71661.72
http://doi.org/10.1002/ana.24081
http://www.ncbi.nlm.nih.gov/pubmed/24318290
http://doi.org/10.1097/CCM.0b013e3182668035
http://doi.org/10.1016/j.pediatrneurol.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32381279
http://doi.org/10.1212/WNL.55.4.506
http://www.ncbi.nlm.nih.gov/pubmed/10953181
http://doi.org/10.3389/fped.2015.00101
http://www.ncbi.nlm.nih.gov/pubmed/26636052
http://doi.org/10.1016/j.jpeds.2016.03.035
http://doi.org/10.1001/jamanetworkopen.2021.39604
http://doi.org/10.1097/WCO.0000000000000425
http://doi.org/10.1212/01.wnl.0000295674.34193.9e
http://doi.org/10.3978/j.issn.2224-4336.2015.10.02
http://doi.org/10.1001/jamaneurol.2020.2264
http://www.ncbi.nlm.nih.gov/pubmed/32716479
http://doi.org/10.1016/j.wneu.2016.05.033
http://www.ncbi.nlm.nih.gov/pubmed/27237418
http://doi.org/10.1007/BF01699236
http://www.ncbi.nlm.nih.gov/pubmed/8923078
http://doi.org/10.3390/children8040254
http://doi.org/10.1212/WNL.0b013e318211c19e

	Introduction 
	References

