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Generalized convulsive status epilepticus (GCSE) is one of the most common neurologic emergencies
and can be associated with significant morbidity and mortality if not treated promptly and aggressively.
Management of GCSE is staged and generally involves the use of life support measures, identification and
management of underlying causes, and rapid initiation of anticonvulsants. The purpose of this article is to
review and evaluate published reports regarding the treatment of impending, established, refractory, and

super-refractory GCSE in pediatric patients.
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INTRODUCTION

Generalized convulsive status epilepticus
(GCSE) is a common neurologic emergency that
represents 1% to 2% of all emergency depart-
ment visits.! Status epilepticus (SE) is tradition-
ally defined as any seizure lasting longer than
30 minutes, whether or not consciousness is
impaired or seizures recur without an interven-
ing period of consciousness.” An operational
definition that allows for prompt treatment is
generally considered to be seizures lasting at least
5 minutes. In reality, the average seizure is less
than 2 minutes, and only 40% of seizures lasting
10 to 29 minutes cease without treatment.>* The
definition of GCSE has evolved to include not
only the number and duration of seizures but
also the number and types of drugs.>” GCSE can
be divided into 4 stages: impending, established,
refractory, and super-refractory (Table 1).

Because SE becomes increasingly resistant to
anticonvulsant drugs over time, it can be associ-
ated with significant morbidity and mortality if
not treated promptly and aggressively.® Regard-
less of patient age, the estimated mortality rate
due to GCSE in the United States ranges between

22,000 and 42,000 individuals per year,’ with esti-
mated mortality rates as high as 16% in children."
This article reviews and evaluates the body of
research regarding the treatment of impending,
established, refractory, and super-refractory
GCSE in pediatric patients.

BASIC SCIENCE OF STATUS EPILEPTICUS

After a single generalized tonic-clonic seizure,
there is often a postictal state lasting several min-
utes, during which the seizure threshold is mas-
sively elevated. This change restores homeostasis
and prevents runaway excitation. During GCSE,
those mechanisms fail and seizures occur in suc-
cession or even become self-sustaining. How this
occurs is unknown, but recent advances suggest
potential explanations. Gamma-aminobutyric
acid class A (GABA ,)-mediated inhibition be-
comes less effective, whereas glutamate’s excit-
atory actions are enhanced." This has implica-
tions for sequencing anticonvulsant medication
during GCSE and for understanding how GCSE
progresses to refractory GCSE.

Repeated seizures produce complex patho-
physiological and biochemical changes in the
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Table 1. Stages of Generalized Convulsive Status Epilepticus from Onset of the Seizure

Stage

Definition

Stage 1 (0-30 min) Impending GCSE

An acute condition characterized by a continuous seizure lasting

atleast 5 min, or by 2 seizures without full recovery of conscious-
ness between them

Stage 2 (30-60 min) Established GCSE

An acute condition characterized by continuous seizures lasting

at least 30 min or by 30 min of intermittent seizures without full
recovery of consciousness between events

Stage 3 (>120 min) Refractory GCSE

An acute condition characterized by continuous seizures despite

initial treatment with 2-3 AEDs

Stage 4 (>24 hr) Super-refractory GCSE

An acute condition characterized by seizures that continue for

24 hours or longer after administration of anesthesia, including
cases in which SE recurs on reduction or withdrawal of anesthesia

AED, antiepileptic drug; GCSE, generalized convulsive status epilepticus; SE, status epilepticus

brain. Initially, there is release of neurotransmit-
ters and opening and closing of voltage-gated ion
channels. Within minutes, receptor trafficking,
primarily of the GABA and glutamate receptors,
is responsible for a key adaptation that effects
medication efficacy. During repetitive seizures,
GABA receptors are internalized (moving from
the synaptic membrane to the cytoplasm, where
they are functionally inactive), and the y, and
B, , subunits decrease in number on the synaptic
membrane.”>"” The v, subunit is associated with
sensitivity to benzodiazepines, so their loss on
the synaptic surface would result in a time-de-
pendent pharmacoresistance to benzodiazepines.
These changes may in part explain the failure of
GABA inhibition and the development of phar-
macoresistance to benzodiazepines. The potency
of benzodiazepines may decrease 20-fold over 30
minutes of SE.">"

While this maladaptive alteration is occurring,
excitatory synapses show changes in the op-
posite direction from those of GABA synapses.
N-methyl-p-aspartate (NMDA) receptor subunits
are recruited to the synaptic membrane where
they form additional receptors that are procon-
vulsant.'>*1¢ Other changes in synaptic activity
may increase glutamate release. A vicious cycle
ensues, whereby loss of inhibition sustains sei-
zure activity, and surface accumulation of NMDA
receptors further upsets a breaking mechanism
of ongoing seizure activity.

These receptor changes have important impli-
cations for treatment, as impending SE (which
may be self-limiting) progresses to established
and refractory SE. Seizures generate a transient
but severe loss of synaptic inhibitory receptors

and peptides, and an increase in synaptic excit-
atory receptors and peptides. This gives a pos-
sible explanation for the tendency of seizures to
become self-sustaining and the time-dependent
development of pharmacoresistance to GABA-
ergic drugs."” This has clinical implications: 1)
prehospital treatment for GCSE should be routine
as this has the potential of preventing seizure-
induced receptor trafficking and pharmacore-
sistance; 2) in order to avoid time-dependent
complications, pharmacoresistance, and brain
damage, rapid and vigorous treatment should be
administered for GCSE; and 3) increasing seizure
activity causes a progressive loss of synaptic
GABA receptors; hence, as initial treatment of
GCSE, a benzodiazepine should be combined
with another drug acting at a different site.’*

REVIEW OF MANAGEMENT

Standard of Care

The management of GCSE is staged and gen-
erally involves the use of life support measures,
identification, and management of underlying
causes and rapid initiation of anticonvulsant
medications (Table 2). Although there have been
some randomized controlled trials comparing
therapeutic options, our understanding of the
management of impending and established
GCSE is driven primarily by consensus protocols
or guidelines.??"?* Unfortunately, there are no
evidence-based studies or commonly accepted
consensus protocols for the management of
refractory and super-refractory GCSE; hence,
optimal treatment for these stages of GSCE re-
mains unclear.
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Table 2. Management of Generalized Convulsive Status Epilepticus

Airway Establish and maintain airway; position the head; aspirate secretions/vomit; apply oropharyngeal
tube as needed
Breathing Ensure effective ventilation; administer oxygen; ventilate with Ambubag and intubation as
needed
Circulation | Ensure venous access; monitor vitals signs (HR, RR, BP, O, saturations); maintain blood pressure
Temperature | Treat fever with rectal acetaminophen, 15-20 mg/kg, and/or a cooling blanket
Labs Determination of glucose and electrolyte levels (including Ca and Mg), complete blood count,
w renal and hepatic function tests, toxicological screening, and anticonvulsant drug serum
$ concentrations may be indicated. If infection is suspected, blood cultures, lumbar puncture,
\; and urinalysis may be needed.
=§ Therapies « Empiric administration of dextrose 50%.
§_ « Adolescents: empirical administration of thiamine, 100 mg, before dextrose in those at risk
£ for Wernicke's encephalopathy
AED Out of hospital
+ Midazolam (IN): 0.15-0.3 mg/kg
» Midazolam (buccal): 0.15-0.5 mg/kg
+ Midazolam (IM): 0.2 mg/kg
« Diazepam (PR): 0.5 mg/kg (2-5 yr); 0.3 mg/kg (6-11 yr); 0.2 mg/kg (=12 yr)
In ED or hospital
- Lorazepam (IV): 0.1 mg/kg (maximum dose 10 mg) over 30-60 segc; if seizure continues in 5
min, give an additional 0.1 mg/kg
+ Midazolam (IM): 0.2 mg/kg
» Midazolam (IN): 0.3 mg/kg
AED First-line
+ Phenytoin (IV): 18-20 mg/kg over 20 min (<1 mg/kg/min; maximum, 50 mg/min); may give
w an additional 5 mg/kg as needed
¢] « Fosphenytoin (IV or IM): 18-20 mg PE/kg (<3 mg PE/kg/min; maximum <100-150 mg PE/min)
g Second-line
2 « Phenobarbital (IV): 15-20 mg/kg over 20 min (<100 mg/min)
% « Valproate (IV): 25-30 mg/kg over 5-15 min (<3 mg/kg/min up to 200 mg/min) followed by an
& infusion of 1-6 mg/kg/hr
ul Third-line
« Lacosamide (IV): 50-400 mg; 200 mg given over 15 min
« Levetiracetam (IV): 40-60 mg/kg, maximum 3,000 mg (administer 2-5 mg/kg/min)
Monitoring « Implement continuous EEG monitoring
- Ensure patient is normovolemic
- Ensure cerebral perfusion pressure is >70 mm Hg
w » Administer volume as needed and begin vasopressors to achieve adequate mean arterial
v pressure (>120 mm Hg)
l: - Consider administration of pyridoxine, magnesium sulfate, and IVIG
£ | AED First-line
g + Midazolam: 0.2-0.4 mg/kg (maximum dose 10 mg) bolus at a rate of 2 mg/min, followed by
p 0.05-2 mg/kg/hr
+ Pentobarbital: 10-20 mg/kg bolus at a rate of <50 mg/min followed by 1-5 mg/kg/hr
(if hypotension occurs, slow the rate of delivery or add vasopressors)
+ Propofol: 1-2 mg/kg bolus followed by <4 mg/kg/hr in children; larger dose may be used in
adolescents

AED, anti-epileptic drug; BF, blood pressure; ECG, Electrocardiogram; ED, emergency department; EEG, electroencephalogram; HR, heart
rate; IM, intramuscular; IN, intranasal; IV, intravenous; IVIG, IVimmunoglobulin; PE, phenytoin equivalents; PR, rectal; RR, respiratory rate
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The initial management of GCSE includes
securing an airway and monitoring vital signs,
especially blood pressure. Arterial blood pressure
should remain above 120 mm Hg as cerebral
blood flow is dependent upon systemic pres-
sure; pressures of <90 mm Hg must be avoided
as a decrease in oxygen and glucose may result
in neurologic injury. The patient’s temperature
should be monitored and fever treated aggres-
sively. Febrile GCSE is most common in pediatric
patients, and normalization of body temperature
helps minimize neurologic morbidity. Intrave-
nous (IV) access should be established. When IV
access is not possible, intraosseous administra-
tion may be considered.

Laboratory studies of serum glucose and
electrolyte levels (including calcium and mag-
nesium), complete blood count, and renal and
hepatic function tests should be performed.
Anticonvulsant serum concentration should be
obtained as needed, and a urine drug screen
should be performed if there is suspicion of in-
gestion. If infection is suspected, blood cultures,
lumbar puncture, and urinalysis may be needed.
Antibiotic administration does not need to wait
until after the lumbar puncture if the patient is
medically unstable.

Patients should be given dextrose 50% as em-
pirical therapy in the event they are hypoglyce-
mic. Adolescents, or those at risk for Wernicke’s
encephalopathy, should be given 100 mg of thia-
mine before dextrose is administered. Patients
with refractory GCSE also should undergo arte-
rial blood gas and continuous electroencephalo-
gram (EEG) monitoring.

Impending GCSE

Impending GCSE is characterized by continu-
ous generalized seizures lasting at least 5 minutes
or 2 seizures without full recovery of conscious-
ness between events (Table 1). Impending GCSE
may terminate spontaneously or may respond to
abenzodiazepine (BDZ). Benzodiazepines are the
preferred therapy for this stage, but the specific
chemical entity used will depend on formulation
availability and route of administration.

The anticonvulsant effect of BDZs is related
to GABA inhibition that occurs as a direct result
of binding to the GABA, receptor (Figure). This
increases the frequency of channel opening to
produce a surge in chloride conductance, which
causes the cell to become less responsive to excit-

atory inputs. This effect occurs at serum concen-
trations achieved by doses used in clinical prac-
tice. Animal data suggest that the pharmacologic
effect of a benzodiazepine is altered by prolonged
seizures; hence, efficacy is changed when therapy
is delayed. The mechanisms for these functional
changes involve alterations in the cellular expres-
sion of GABA , receptors, which undergo a rapid
internalization during SE. Changes in excitatory
neurotransmission may also underlie the altera-
tions that make prolonged GCSE less responsive
to benzodiazepines. A direct effect on voltage-
gated sodium channels is also suspected.

Historically, the discussion of management
has centered on which BDZ to use as first-line
therapy in patients in the emergency department,
diazepam (DZP) or lorazepam (LZP).2!%2427-30
Although some consensus guidelines suggest
either agent is acceptable,® most recommend IV
LZP as the initial treatment of choice.?? %%
More recent studies have investigated the use of
intranasal®*® or buccal®* BDZs in the emergency
department (Table 2).

Research has begun to focus on novel methods
of BDZ administration in the outpatient setting.
The Rapid Anticonvulsant Medication Prior to
Arrival Trial (RAMPART) was a double-blind
randomized trial that compared intramuscular
(IM) midazolam (MDL) to IV LZP.¥* Investiga-
tors found that IM MDL, given by paramedics
using an autoinjector, was more likely to termi-
nate seizures prior to arrival at the emergency
department than IV LZP. The authors also noted
that patients who received IM MDL required
fewer other rescue therapies and were unlikely
to require hospitalization or intensive care unit
admission. As expected, time to administration of
the first dose of BDZ was shorter with IM admin-
istration (1.2 vs. 4.8 minutes, respectively), but
cessation of seizure activity after administration
was quicker with IV administration (1.6 vs. 3.3
minutes, respectively). The authors concluded
that IM MDL is the best option for treatment
of impending SE in the emergency department
setting.

Diazepam given IM using an autoinjector was
also investigated in a 2-part phase III trial *4
The first part was a randomized, double-blind,
parallel group, placebo-controlled multicenter
study (n=234) that found a longer time to next
seizure or rescue in the DZP autoinjector group
compared to the placebo autoinjector group (haz-
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Inhibitory synapse

Glutamate

GAD

Excitatory synapse

NMDA l Na* AMPA l Na*

GABA, receptor @ receptor @ VG-Ca?t
Receptor
a e ®
Figure Mechanism Anticonvulsant

VG-Na* Channel

Carbamazepine, Eslicarbazepine acetate, Felbamate, Lamotrigine,
Oxcarbazepine, Phenytoin, Pregabalin, Topiramate, Valproate,
Zonisamide

2a VG-Ca** Channel (L-type) Gabapentin, Pregabalin

2b VG-Ca?* Channel (T-type) Ethosuximide, Topiramate, Valproate, Zonisamide

2c VG-Ca** Channel (N + P type) Lamotrigine

3 GABA, receptor (agonist) Barbituates, Benzodiazepines, Felbamate, Topiramate
4 GABA, Propofol

5 GABA uptake inhibitor Tiagabine

6 GABA-transaminase inhibitor Vigabatrine

7 GAD modulation Gabapentin, Valproate

8 SV2A Levetiratcetam

9a AMPA, kainate receptor Phenobarbital, Topiramate

9b AMPA, non-competitive antagonist
10 NMDA receptor

Perampanel
Felbamate, Ketamine, Propofol, Magnesium

AMPA, o.-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; Ca2+, calcium; GAD, glutamic acid decarboxylase; Na+, sodium;
NMDA, N-methyl-D-aspartate receptor; SV2A, synaptic vesicle glycoprotein 2A; VG, voltage-gated

Figure. Sites of action of antiepileptic drugs used in the treatment of status epilepticus.

ard ratio: 0.55; 95% confidence interval: 0.34-0.88;
p=0.012).* The second part was an open-label
continuation study (n=129; 1380 treatments) that
assessed the long-term safety and effectiveness of
DZP autoinjector for acute repetitive seizures.*
That study found that 77.6% of cases either had
no seizure or did not require rescue treatment

in the 12 hours after administration of DZP
by autoinjector. The most common treatment-
emergent adverse events were pain, hemorrhage,
and bruising at the injection site; however, none
of the events was considered severe or clinically
significant.

Recent studies have focused on aborting im-
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pending SE through transmucosally delivered
BDZs when IV and/or IM administration may be
difficult or impossible (e.g., home setting, extend-
ed care, paramedic attendance). Benzodiazepines
may be given via rectal (PR),*%*** intranasal
(IN),?2354457 and buccal®64142525862 routes (Table 3).

Rectal absorption of DZP is rapid but varies
significantly (50%-100%) due to first-pass metab-
olism.®® Although a kit for rectal administration of
DZP is commercially available (Diastat; Valeant
Pharmaceuticals, Bridgeville, NJ), medication er-
rors have been reported due to failure to properly
dial and lock the prescribed dose. Compared to
PR BDZ administration, IN administration re-
sultsin higher serum concentrations, faster onset
of action, and more effective seizure control.3**#
All studies have concluded that IN MDL is more
effective than PR DZP and that it is convenient,
easier to use, and as safe as PR DZP. Buccal and
sublingual routes also bypass gastric and hepatic
first-pass metabolism, but bioavailability can be
incomplete as the drug is often swallowed. Suc-
cessful administration via this route in a patient
with GCSE is also unlikely due to muscular
contractions of the jaw and clenching of teeth
and/or patient secretions that can be associated
with seizures.

The IN route is being used in virtually all set-
tings; however, use in the home setting is com-
plicated by the lack of a commercially available
kit for IN use and difficulties finding a pharmacy
willing to dispense a schedule 4 control substance
injectable product for a non-parenteral route.
MZL and LZP readily cross the nasal mucosa and
blood-brain barrier to produce a rapid rise in both
serum and cerebrospinal fluid concentrations.>**
In fact, sera concentrations are comparable to
those noted following IV injection.”* Rey et al**
evaluated the pharmacokinetics of IN and IV
MDL in 12 children (1-5 years old) given 0.2 mg/
kg and found that the half-life was similar (2.2
hours IN vs. 2.4 hours IV). The apparent plasma
clearance and volume of distribution after IN ad-
ministration were approximately 2 times greater
than that observed after IV delivery. Intranasal
LZP has also been investigated. The lag time for
IN was less than that noted for buccal administra-
tion (0.6 + 1.6 minutes versus 2.6 + 2.7 minutes,
respectively).” The time to maximum concentra-
tion was also faster for IN administration (105 + 75
minutes) than buccal delivery (161 + 47 minutes).

The efficacy of IN MDL has been demon-

strated in the pediatric population.’>3544505
Clinical trials have compared the safety and ef-
ficacy of IN MDL to those of IV DZP*#* and PR
DZP*%44 Several studies have also evaluated
buccal administration of MDL versus that of PR
DZPp#£0%667 A]] studies preferred IN or buccal
MDL for use in the community,*%>¢” emergency
medical system/paramedics,*** and emergency
department settings.?>3*36°0°?6l When medication
is given IN, one should consider using a mucosal
atomizing device.

Historically, IV LZP has been the agent of
choice in impending GCSE in the emergency
department or hospital setting; however, studies
have attempted to address the role of IN BDZs
(Table 3).323545475053565762 | ahat et al® prospec-
tively compared IN MDL (0.2 mg/kg) to IV DZP
(0.3mg/kg) in 47 children (6 months-5 years of
age) whose seizures lasted 10 minutes or longer.
The 2 routes of administration were equally ef-
fective, stopping seizures in 88% (IN) and 92%
(IV) of patients. The mean time from hospital
arrival to starting treatment was shorter in the
IN group (3.5 + 1.8 minutes vs. 5.5 + 2.0 minutes,
respectively), allowing for faster seizure cessation
with IN MDL (6.1 vs. 8 minutes, respectively).

A similar study by Mahmoudian and Zadeh*
compared the efficacy of IN MDL (0.2 mg/kg)
to that of IV DZP (0.2 mg/kg) in 70 patients (2
months to 15 years of age) seen in the emergency
department for seizures. Both of the methods
were equally effective, and no adverse effects
occurred. The mean time to seizure control fol-
lowing medication administration was 3.58 +
1.68 minutes (IN MDL) and 2.94 + 2.62 minutes
(IV DZP).

Thakker and Shanbag™® conducted a random-
ized, controlled study in a pediatric emergency
department of a tertiary general hospital, which
compared the safety and efficacy of IN MDL
(0.2 mg/kg) to that of IV DZP (0.3 mg/kg) in 50
children (1 month to 12 years of age) with acute
seizures lasting at least 10 minutes. Overall,
75% of seizures were controlled with IN MDL
compared to 65.2% with IV DZP. The mean time
between arrival at hospital and anticonvulsant
administration was significantly shorter with
IN MDL (3.37 + 2.46 minutes vs. 14.13 + 3.39
minutes, respectively). Once the medication was
given, the mean time to control of seizures was
shorter with IV DZP (2.67 + 2.31 minutes) than
with IN MDL (3.01 + 2.79 minutes). No significant
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side effects were observed in either group.

Arya et al*® conducted a randomized, open-
label trial comparing the efficacy and adverse ef-
fects of IN LZP with that of IV LZP in 141 children
(6-14 years of age) who presented consecutively
to their hospital with acute seizures. After chil-
dren were stabilized in the emergency depart-
ment, they were randomized to receive either IN
(n=71) or IV (n=70) LZP (0.1 mg/kg, maximum
4mg). The primary outcome was clinical seizure
remission within 10 minutes of drug administra-
tion, which occurred in 83.1% (IN) and 80% (IV)
of patients. All studies comparing IN with IV
BDZ have reported similar efficacy, but remission
was accomplished within a shorter time using IN
administration. Although most practitioners will
continue to consider IV LZP the agent of choice in
the emergency department, it is very likely that
an IN BDZ will become the standard of practice
due to ease and quick administration.

Because the dose must be administered using
a 100- to 200-uL spray or solution, the IN route
can only be used for drugs that are highly con-
centrated and have good aqueous solubility.®%
Although most reports have used a variety of
delivery systems (e.g., drops, sprays, and at-
omization devices), the lack of standardization in
delivery has not impacted efficacy and tolerabil-
ity outcomes. Effective delivery is best achieved
by distributing the drug as a mist rather than as
larger droplets that may aggregate and run out of
the nose or down the back of the throat, render-
ing it ineffective. Placing half the dose into each
nostril can double the surface area available for
absorption. Upper airway infections, extent of
nasal mucosa irritation, and differences in the
amount of spray that is swallowed may all impact
absorption. However, variability in the amount
absorbed after nasal administration should be
comparable to that after oral administration.

Established GCSE

Established GCSE occurs when a BDZ fails to
terminate seizures (Table 1). This is characterized
by at least 30 minutes of continuous seizures
or 30 minutes of intermittent seizures without
full recovery of consciousness between seizure
events. Management generally involves ad-
ministration of phenytoin (PHT), fosphenytoin
(fPHT), phenobarbital (PB), or valproate (VPA).
Recently, levetiracetam and lacosamide also have
been used, especially during times of medication

shortages that have rendered traditional drugs
unavailable. Most guidelines recommend giv-
ing either PHT /fPHT?*?"#%231 or PB>** after a
full dose of BDZs has failed (Table 2), but there
is little level 1 evidence to support that practice.

Phenytoin

For over 75 years, numerous studies have at-
tempted to elucidate the mechanism of action
of phenytoin. Studies have noted that it influ-
ences ion conductance, Na/K-ATPase activity,
post-tetanic potentiation, calcium systems, and
neurotransmitter release (Figure). The major
antiseizure effect is due to inhibition of voltage-
dependent sodium channels. Phenytoin works
on the intracellular part of the ion channel to
decrease the influx of sodium into neurons and
thereby decreases excitability (Figure). Activity
is use- and concentration-dependent; hence, the
onset of action should occur as soon as an effec-
tive concentration is achieved. At serum concen-
trations obtained in clinical practice, phenytoin
does not modify response to pre- or postsynaptic
GABA, nor does it impact NMDA or alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors.

Although a hydantoin has historically been
used as the first-line agent in established GCSE,
there is little evidence to support the fact that it
is as effective as PB. Recent studies comparing
IV PHT/fPHT to other agents will be detailed
in later sections. If IV access cannot be obtained
and IM administration is undesirable, PHT or
fPHT can be given via the interosseous (10) route.
Dosing recommendations for IO administra-
tion are derived from a prospective, controlled,
randomized porcine study comparing plasma
drug concentrations and pharmacodynamics of
IV versus 10 fPHT, 20 mg PE/kg, with those of
PHT, 20 mg/kg.” Significantly higher free and
total PHT concentrations were found with IO ad-
ministration of fPHT at 0 to 10 minutes (p<0.05)
and 0 to 20 minutes after infusion (p<0.05). There
were no significant differences for either medica-
tion beyond 20 minutes. Therefore, the authors
concluded that PHT should be given IO at the
standard dose of 20 mg/kg, and if fPHT is used,
a slower infusion rate may be needed to avoid
initial supratherapeutic concentrations.”

Phenobarbital
PB binds to inhibitory GABA , receptors at the
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beta subunit to increase the duration of chloride
ion channel opening, thereby potentiating the
effect of GABA at this receptor (Figure). At high
serum concentrations, PB can activate the GABA
receptor directly to inhibit calcium-dependent
release of neurotransmitters. Importantly, pro-
longed seizure activity does not alter the effec-
tiveness of PB at the GABA, receptor as it can
inhibit this receptor in the absence of GABA.
Phenobarbital also inhibits glutamate-activated
sodium and calcium channels at the AMPA re-
ceptor to reduce the release of glutamate. This
mechanism requires higher concentrations than
those needed to produce an effect on GABA. PB
has no affect on voltage-gated sodium channels.

Only 2 randomized, controlled trials”*”* have
attempted to determine whether PHT or PB
should be used in established GCSE; however,
only 1 of those studies™ included pediatric pa-
tients. Shaner et al”! prospectively compared PB
to DZP plus PHT in 36 children (18 in each group)
with established GCSE. In the first group, PB was
given IV at a dose of 20 to 30 mg/kg. Patients
in the second group received IV doses of DZP
as small as 2 mg and as large as 20 mg plus a
PHT loading dose (range: 6-21 mg/kg) that was
based on the patient’s admission serum PHT
concentration. The authors concluded that PB
was rapidly effective and comparable in safety
to DZP plus PHT.

Although it is impossible to determine whether
DZP was responsible for efficacy in the DZP/
PHT group, the study by Treiman et al”> would
suggest that might be the case. That study is the
largest randomized, controlled trial to date, in
which 384 adult patients with established GCSE
received either IV LZP (0.1 mg/kg), PB (15 mg/
kg), DZP (0.15 mg/kg) plus PHT (18 mg/kg),
or PHT alone (18 mg/kg). LZP successfully
stopped seizures in 64.9% of patients compared
to 58.2%, 55.8%, and 43.6% of patients given PB,
DZP/PHT, or PHT alone, respectively. The trial
findings noted that DZP/PHT was more effective
than PHT as monotherapy. When patients with
established and refractory GCSE were combined
in a post hoc analysis, the differences between
PB and PHT as monotherapies approached
significance, with PB being superior. This is an
important finding in light of the low dose of PB
that was used in the trial.

Recently Yasiry et al” reported the effectiveness
of 4 anticonvulsants (i.e., levetiracetam, PB, PHT,

and VPA) in the treatment of BDZ-resistant con-
vulsive SE, using meta-analysis of 27 published
studies. Evidence did not support the first-line
use of PHT. Efficacy data for PB (remission: 73.6%
[95% confidence interval [CI]: 58.3-84.8%]), VPA
(remission: 75.7% [95% CI: 63.7-84.8%]), and leve-
tiracetam (68.5% [95% CI: 56.2-78.7%]) supported
their use as first-line therapy in BDZ-resistant SE.

Valproic Acid

Although the precise mechanism of action is
not known, several mechanisms have been sug-
gested. VPA may potentiate postsynaptic GABA,
inhibit GABA-transaminase and succinic acid
decarboxylase, and/or increase glutamic acid
decarboxylase. It may also block voltage-gated
sodium channels to limit depolarization-induced,
sustained repetitive firing and may block low-
threshold T-type calcium channels (Figure).

Many consensus guidelines also recommend
the use of VPA as an alternative second-line treat-
ment.??#?3! Reports in adults”” and pediatric
patients”® with SE unresponsive to first-line
agents have generally noted successful termina-
tion of seizures following IV VPA (Table 4).

To date, there have been 3 retrospective reports
of IV VPA in pediatric patients.’*# Hovinga
et al® successfully used IV VPA in 2 pediatric
patients with GCSE who failed to respond to
BDZ, PB, PHT, and pentobarbital (PTB). Both
of the patients were successfully treated with a
loading dose of 20 mg/kg followed by a main-
tenance infusion of 4 to 6 mg/kg/hr. Uberall et
al® evaluated IV VPA (loading dose of 20-40 mg/
kg followed by 5 mg/kg/hr) in 41 children who
did not respond to DZP, PB, or PHT therapy.
VPA stopped clinical and bioelectric seizures in
78% of all types of SE but was effective in 90%
of patients with GCSE. Yu et al® conducted a
retrospective review of the use of IV VPA in 40
pediatric patients (1 month to 19 years of age)
with either multiple types of SE (n=18) or acute
repetitive seizures (n=22). Patients who were
naive to VPA received a loading dose of 25 mg/
kg with an average infusion rate of 2.8 mg/kg/
hr. Seizures stopped within 20 minutes in 100% of
patients with SE and in 95% of those with acute
repetitive seizures.

Two prospective evaluations of IV VPA for
seizure control in pediatric patients also have
been published.”#* Chen et al” evaluated VPA in
48 adult and pediatric patients with convulsive
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s SE for whom IV DZP and IM PB failed. Five of

L = the patients given VPA were <5 years of age, and

s < the youngest was 2-years-old. Patients received

] g 2 2 2 2 a loading dose of 30 mg/kg that was followed

2 2 S S S = by 6 mg/kg/hr. Seizures stopped in 87.5% of

= 3 3 3 € patients within 1 hour of administration. Mehta

> @ @ @ @ et al® randomized 40 children to receive either

= 2 - .~ S IV VPA or continuous infusion DZP. There were

no significant differences in efficacy (80% VPA vs.

£ g L n ° L 85% DZP); however, there were differences in the

= E E © g median time to control seizures (5 minutes with

2195 o vg £ ) VPA vs. 17 minutes with DZP).

b © B N ® @ S Several studies have compared IV VPA to

3 é § g 5 & 8 g PHT.7#8+%¢ Misra et al** compared IV VPA, 30

@ |3 § © 2 é mg/kg (n=35) to PHT, 18 mg/kg (n=33) as the

"’ first-line agent in a randomized, prospective,

c - head-to-head open study. Benzodiazepines were

= s not given, and most of the patients were adults.

5|2 E‘ 3 Valproate was significantly more effective (66%)

1] CE” o 3 o @ \g than PHT (42%). As a second choice in patients

P 4 S é g é ;: < unresponsive to the first agent (i.e., cross-over),

£| § = g ; VPA was also more effective than PHT (79% vs.

N vz o s 25%, respectively). Tiamkao et al*® also retrospec-

5 N 2 tively evaluated VPA (n=37) and PHT (n=17) as

S g first-line agents in patients older than 15 years

= L _ |8 of age. All but 1 patient received 10 mg of IV

- 5< o o= E N DZP. The mean IV loading dose of PHT (743 +

E § 2 22 3 3 2 g’ g § 116 mg) was followed by 300 mg/day, and the

s| g2 £¢ E EE 225 mean IV loading dose of VPA (1000 + 239.14

gl &8 ge 3 32 9=»|§ mg) was followed by 1200 mg/day. There were

5 mg ° N2 3|z no significant differences between the PHT and

3 - % VPA groups in all outcome variables. Chitsaz et

= R £ al®* also compared VPA (20 mg/kg followed by

%_ 'i = g 1 mg/kg/hr) with PHT (20 mg/kg with supple-

% 35 s _ s |5 mental 10 mg/kg if needed, followed by 4.5 mg/

2 55 = N > o |8 kg/day) in a predominantly adult population for

ﬁ 5% R 9 © Ie] § whom IV DZP had failed. There were no signifi-

£ “18 i £ g 2 g |g cant differences in response within the first 12

L WY 10 ° - % hours (73.3% vs. 60%, respectively; p=0.06). In a

KT R S randomized study, Agarwal et al”® compared IV

& o ] PHT (n=50) with IV VPA (n=50) in patients with

= s § SE refractory to BDZs and found no differences

slgl 8 @ TCT s 2 |3 in efficacy (88% vs. 84%, respectively). In patients

% 9| T L= £ £ |z younger than 18 years of age, seizures stopped

o By % s 8 g g ¢ |3 in 20 of 22 patients (91%) given VPA and 12 of 16

S|e|28 22 23 I S s patients (75%) given PHT. The authors concluded

= 2185 g3 < a a g that there were no differences in seizure recur-
= g2 & 2 g = £ |9 rence at 12 hours regardless of age.

@ o |T - ° = « R S Only one study has compared VPA (n=30)

5_ e £ o 5 § with PB (n=30).¥ VPA was given via rapid IV

; ;—,_' % % £ T,._‘; . 3 loading, which was defined as 5 to 6 mg/kg/min

E 2|2 5 2 < 3 é over 5 to 10 minutes. VPA, in doses of 20 mg/
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Table 5. Newer Agents Used in Pediatric Cases of Established Status Epilepticus

ADRs
None observed

Outcome

Drug and Dose

Age
0.08 to 14 yr

Study Type (n)

Reference
Abend®*

Seizure reduction =75% in

all patients

LEV: 6.5-31 mg/kg

10)

Case series (n

None observed

3); reduced
1)

100% response rate

LEV: 29-115 mg/kg/day Cessation (n

3wkto 16 yr

=10; n=4 with

Case series (n
SE or ARS)

Goraya®

frequency (n

None observed

LEV: 50 mg/kg, then

2moto 18 yr

=16

=32; n

Retrospective (n

with SE)

Kirmani®®

25 mg/kg every 12 hr
LEV: 5-30 mg/kg

=3)

Aggressive behavior (n

64% response rate

0.2to 18 yr

Prospective, observational

McTague®”

45 with SE or ARS)

51;n
Retrospective (n

(n=

=3);

Irritability, agitation (n

75% seizure cessation

0to16yr  LEV:16-98.8 mg/kg

=20)

Standish®®

1)

1), oculogyric crisis (n

vomiting (n

1)

Chorea (n=

=2);

Single dose response (n

12to 17 yr LAC: 2-2.5 mg/kg

:3)

Case series (n

Jain'

1

Complete resolution (clinical
and EEG) after 5 days

ADR, adverse drug reaction; ARS, acute repetitive seizures; EEG, electroencephalogram; LAC, lacosamide; LEV, levetiracetamy; SE, status epilepticus

*Not mentioned in the report or unknown.

2 doses required (n

LAC: 25 mg twice daily

8yr

Case report

Shiloh-Malawsky®

kg, successfully terminated GCSE within
20 minutes in 90% of children compared
to 77% of children given IV PB, 20 mg/kg
(p=0.189). Clinically significant adverse ef-
fects occurred in 74% of the PB group and
24% of patients in the VPA group (p<0.001).

Brigo et al® used 5 randomized, con-
trolled trials to perform a meta-analysis
comparing the efficacy and safety of VPA,
PB, and PHT in GCSE.* They reported that
VPA and PHT have similar efficacy as VPA
and PB; however, VPA had a better safety
profile than either PHT or PB. Because
many of the studies were underpowered,
there was insufficient evidence to support
a change in clinical practice. That group
also conducted a second meta-analysis
comparing IV VPA with PB.* Again, both
agents had comparable efficacy, but VPA
had a better safety profile.

Levetiracetam

Historically, levetiracetam was used
only in cases of super-refractory SE. In re-
cent years, it has been used earlier due to
medication shortages that have made con-
ventional drugs unavailable. Levetiracetam
has no effect on voltage-gated Na channels
or GABAergic transmission and no affin-
ity for either GABAergic or glutamatergic
receptors (Figure). The drug has recently
been noted to bind to a presynaptic vesicle
glycoprotein (sv2A) that has been proposed
to act as a transporter for presynaptic P/Q
type voltage-dependent calcium ([Ca?*]c).
This is considered an important second
messenger system in neurons, which might
contribute to its unique mechanism of ac-
tion. Levetiracetam has also been noted to
reduce neurotransmitter release by inhibit-
ing presynaptic L-type calcium channels.

Levetiracetam has been considered a po-
tentially useful agent for SE due to its few
adverse effects, limited drug interactions,
and ease of IV administration compared to
other IV anticonvulsants. Early investiga-
tions of levetiracetam for SE used the oral
formulation and found it to be effective
for various types of SE and well tolerated
by patients.”** There are 5 published case
series of the use of IV levetiracetam for SE
in the pediatric population (Table 5).%*"

N
|

J

ae)
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One retrospective analysis included 4 children
who received IV levetiracetam for acute repeti-
tive seizures or SE in doses as large as 115 mg/
kg/day and as small as 29 mg/kg/day.” Three
of 4 patients had seizure termination; the fourth
patient had a reported decrease in seizure fre-
quency. Another retrospective case series noted
that 8 of 10 critically ill pediatric patients with
SE or acute repetitive seizures responded and
that the other 2 children exhibited a reduction of
seizures (levetiracetam IV loading dose ranged
from 6.5 to 31 mg/kg).** Kirmani et al” reported a
retrospective study of 32 patients treated with an
IV loading dose of levetiracetam (25 of 32 patients
received 50 mg/kg; range: 25-70 mg/kg), and 16
of those patients received treatment for SE. All
patients responded both clinically and according
to EEG monitoring. The rate of seizure cessation
using IV levetiracetam for patients with SE was
determined in a case series by Standish et al.” The
seizure cessation rate was 75% (15 of 20 patients)
with a mean dose of 37.5 mg/kg (range: 16-98.8
mg/kg). Three patients experienced adverse
events of behavioral side effects, 1 of whom was
treated with pyridoxine. An observational study
of 45 patients (mean 7.1 years of age) with acute
repeated seizures or SE were initially treated with
5 to 30 mg/kg levetiracetam IV.”” A total of 29 pa-
tients responded to the treatment, and 3 patients
displayed aggressive behavior as a side effect of
the medication. These case series suggest that
IV levetiracetam seems to be safe and effective
for the termination of SE when first-line agents
fail to control the seizure. When levetiracetam is
used, the patient should be given a loading dose
of 40 to 60 mg/kg (maximum 3000 mg) at a rate
of 2 to 5 mg/kg/min.

Lacosamide

Like levetiracetam, lacosamide also has been
used in pediatric patients for the treatment of
SE (Table 5). A review paper published in 2013
found 19 publications, including 10 case reports
and 9 case series, reporting IV lacosamide for the
treatment of SE.”® The review cited 1 pediatric
case report” and 1 pediatric case series.'®

The case report” involved an 8-year-old boy
with new onset seizures that progressed to refrac-
tory SE, which was treated successfully with en-
teral lacosamide, 25 mg twice daily. This success
came after attempting the following treatments
over a 10-week period: combinations of PHT,

levetiracetam, PB, topiramate, felbamate, and
VPA; propofol (PRO), PTB, MDL, and ketamine
toinduce EEG burst suppression; ketogenic diet;
high-dose corticosteroids; IV immunoglobulin
(IVIG); plasmapheresis; and vitamin B, folic acid,
carnitine, and biotin.

The case series (n=3) described the successful
implementation of lacosamide in pediatric pa-
tients (12-17 years of age) with refractory tonic
SE.' After 3 or more standard anticonvulsants
were tried over the course of 8 to 29 hours, an IV
loading dose of lacosamide (2-2.5 mg/kg) was
given. Two patients responded to a single dose,
and 1 patient required 2 doses of lacosamide.

Adverse effects

Generally, the hesitation to use a hydantoin
or barbiturate has not been based on their effec-
tiveness as an anticonvulsant but upon potential
adverse effects. The vasodilatory and cardio-
depressant effects of PB may cause profound
hypotension and hypopnea. The respiratory
depressant effects are compounded when used
in conjunction with a BDZ. Interestingly, Trei-
man et al”” noted no differences in incidence of
adverse effects between adults given IV PB and
those given DZP plus PHT.”? Among 91 patients
treated with PB, 12 patients (13.2%) experienced
hypoventilation, 31 (34%) showed hypotension,
and 3 (3.3%) had cardiac arrhythmias; among the
101 patients receiving PHT, 10 patients (9.9%)
experienced hypoventilation, 27 (26.7%) showed
hypotension, and 7 (6.9%) had cardiac arrhyth-
mia. Shaner et al” noted that when the serum
concentration of PB exceeded 70 mg /L, the level
of consciousness was almost always impaired.
That said, 83% of patients with overt SE in the
study by Trieman et al”” had not fully regained
consciousness 12 hours after administration
of any anticonvulsant; hence, consideration of
sedation may not be as important in selecting
an agent.

When given in large doses and by rapid infu-
sion, VPA rarely causes cardiovascular toxicity
such as hypotension or dysrhythmia.*7*7>8% ]t
has not been noted to cause respiratory depres-
sion, and it does not cause sedation.””®> However,
VPA can cause coagulopathies such as platelet
dysfunction, thrombocytopenia, and hypofibri-
nogenemia.'”"'”> Acute encephalopathy after IV
VPA was reported in a 45-year-old patient with
non-convulsive SE.'® Although rare, pancreati-
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tis has been noted with VPA. Both PB and PHT
contain a polypropylene solvent that may cause
local irritation, necrosis, hemolysis, and an infu-
sion syndrome. Phenytoin may cause significant
peripheral vascular side effects, all of which can
be avoided with fPHT.

Adverse events with the use of lacosamide
have been reported. Non-life-threatening ad-
verse events of chorea (n=1) and oculogyric crisis
(n=1) were reported in the aforementioned case
series.'” Neurotoxicity consisting of mostly diz-
ziness, imbalance, diplopia, and sedation has also
been reported with the use of lacosamide.'™ Be-
cause this adverse event has been reported only
in patients taking lacosamide as a maintenance
medication in conjunction with a voltage-gated
sodium channel-blocking anticonvulsant, neuro-
toxicity would not be expected from the use of
lacosamide in SE.

Established GCSE: summary of treatment options

Although a hydantoin has historically been
used as the first-line agent in established GCSE,
there is little evidence to support it is as effective
as PB. While numerous studies have validated
the effectiveness of PB, its adverse effect profile
relegates it to a second-line agent in the minds of
many practitioners. Clearly, VPA, levetiracetam,
and lacosamide have better safety profiles than
either PHT/fPHT or PB. Because most studies
evaluating VPA, levetiracetam, or lacosamide
were underpowered, they enable only cau-
tious interpretation that is not accompanied by
evidenced-based decisions. The established SE
trial 2013 is currently being conducted among
patients older than 2 years of age.'” This study
will compare fPHT, levetiracetam, and VPA.
Regardless of which agent is used, Olsen et al”®
noted that only 5% of patients treated within
3 hours required anesthesia compared to 38%
treated 3 to 24 hours and 60% treated after 24
hours. Limdi et al”* and Agarwal et al”” also noted
that time to treat affected outcome.

Refractory GCSE

The definition of refractory GCSE is based
on the number of anticonvulsants used. A pa-
tient is considered to have refractory SE when
seizures continue despite first- and second-line
treatments,>#*?*72 seizure duration is greater
than 1 hour,”#*7? or there is a need for general
anesthesia (Table 1).

The variability in definitions makes it difficult
to estimate the incidence, but studies suggest that
refractory GCSE occurs in 9% to 44% of patients
with GCSE."!"” Prolonged seizures cause severe
neurological sequelae'®'” and / or death."*!" Sa-
hin et al'” studied morbidity in normal healthy
individuals with acute refractory generalized
seizures and found that none returned to baseline
neurological status and all developed intractable
epilepsy. Mortality also may be high, ranging
from 16% to 77%.""'" In a meta-analysis of 111
children with refractory GCSE, the overall mor-
tality was 20% in symptomatic cases and 4% in
idiopathic cases.™

There is a lack of consensus regarding the
optimal therapeutic approach, but patients who
continue to be unresponsive are treated with
continuous infusion of barbiturate (i.e., PTB,
thiopental), BDZ (i.e., DZP, LZP, MDL), or PRO.
Thiopental has not been available for many years,
and there is currently no manufacturer of this
product in the United States. The effectiveness of
these agents is such that Fountain and Fugate'*!
suggested that practitioners should skip second-
line therapy to avoid major time delays and move
immediately to anesthesia with IV MDL in those
failing initial BDZ therapy.

Unfortunately there are no randomized, con-
trolled trials comparing these agents. Surveys
conducted in the United States!® and Europe'®
almost a decade ago noted that barbiturates are
the most popular agent in refractory GCSE, fol-
lowed by PRO and MDL. More recent consensus
protocols/guidelines suggest that thiopental or
PRO,* PTB or PRO,* or PRO, PTB, or MDL?>?%>
are preferred. Capovilla et al* noted that the selec-
tion of 1 agent over another should depend on
the patient’s general condition and the agent’s
benefits versus risk of adverse effects. Use of an
agent is also driven by the availability of medi-
cal staff with expertise in general anesthesia.”
Claassen et al''” evaluated 28 retrospective trials
that used barbiturates, MDL, or PRO in 193 adult
patients with refractory GCSE. The authors con-
cluded that PTB was more effective than PRO or
MDL in preventing seizure recurrence, but it was
associated with more adverse effects.

Pentobarbital

Barbiturates such as PTB, PB, and thiopental
have been used for decades to induce general
anesthesia in pediatric patients with refractory
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GCSE."311512¢ Although PB has been used,'>'*
PTB is preferred for general anesthesia because
its rapid penetration into the brain results in a
quicker onset of antiepileptic activity. It has a
shorter half-life in serum than PB, but both agents
distribute into fat causing prolonged elimination
after continued use. Pentobarbital is highly ef-
fective in terminating seizures in 74% to 100% of
patients with refractory GCSE. 113123124

Most reports describing the use of PTB involve
case reports''®12012 or retrospective reviews. >
Kim et al'® reviewed the use of PTB in 23 chil-
dren with refractory GCSE. Patients received a
small loading dose (5 mg/kg) followed by 1 to
3 mg/kg/hr for at least 48 hours. The dose was
adjusted based on clinical seizures and EEG
findings. Among the 23 patients reviewed, 12
were controlled, 6 were unresponsive, and 5
relapsed after discontinuation or during taper-
ing. The mortality rate among the relapsed and
nonresponder groups combined was 90.9%, but
no deaths occurred among the responder group
(p<0.001).

Barberio et al'** evaluated the use of PTB in 30
pediatric patients given a mean loading dose of
5.4 + 2.8 mg/kg and an initial infusion of 1.1
0.4 mg/kg/hr (maximum: 4.8 + 2 mg/kg/hr).
Thirty-three percent of patients achieved a sus-
tained burst suppression pattern on EEG without
relapse. Another 66.7% experienced relapse, but
60% of those eventually re-achieved burst sup-
pression. Children achieving burst suppression
within 24 hours of PTB initiation and those older
than 5 years of age were 1.5 times more likely to
have a positive outcome.

Pentobarbital should be given as a loading
dose of 10-20 mg/kg over 1 hour, followed by a
maintenance infusion of 1 to 5 mg/kg/hr (Table
2). Most patients achieve burst suppression at
a dose of 1 mg/kg/hr,** but the dose should
be increased every 2 minutes by 1 mg/kg/hr
until the desired effect is achieved.? Subsequent
administration of an additional dose of 5 mg/kg
(combined with EEG monitoring) may allow for
more rapid titration of dose to the therapeutic
goal.

Pentobarbital duration of therapy remains
controversial, as the endpoint for success con-
tinues to be debated. After a period of control, a
loss of EEG burst suppression may suggest the
development of pharmacologic tolerance, which
may require a dosage increase. Seizures during

withdrawal are not only frustrating and time-
consuming but also predict a worsened outcome.
Seizures tend to occur if the infusion is abruptly
discontinued; hence, tapering the dose is recom-
mended. Most practitioners recommend tapering
PTB when burst suppression has been achieved
for 12 hours"'? or 24 hours.'” However, others
argue that longer periods (24-48 hours) are associ-
ated with lower rates of recurrent seizures.'?1%
Still others suggest a criterion of 3 to 9 bursts/
min®' or advocate dividing burst duration by
suppression duration to determine the burst
suppression-to-duration ratio. Patients who
received prolonged therapy and those taking
PB at the time of withdrawal may be less likely
to relapse.'® If seizures reoccur during tapering,
the last successful dose should be reinstituted.
Once seizure control is regained, the medication
should be tapered at a slower rate than what was
previously used.

Continuous infusion of anesthetic agents
usually requires mechanical ventilation and
immobilization, which may lead to a multi-
tude of complications including infections and
thromboembolism. Large doses of PTB may be
associated with myocardial depression and low
cardiac output. Barbiturate-induced hypotension
is a frequent complication but rarely requires
discontinuation of therapy. When it does occur,
the rate of infusion should be decreased, fluids
should be increased, or a vasopressor should be
given.'* Patients who do not develop hypoten-
sion requiring vasopressors have better survival
rates.'® Pulmonary edema, skin edema, and ileus
have also been described when the duration of
PTB therapy exceeds 4 days."®

Pentobarbital may cause white blood cell dys-
function that contributes to an increased rate of
nosocomial infections, especially pneumonia.
Barbiturates may induce hepatic isoenzymes,
which may cause drug—-drug interactions. It may
take days for a patient to regain full conscious-
ness following discontinuation of PTB. In fact,
Lowenstein et al'® reported that spontaneous
eye opening and respirations in a 14-year-old
occurred after 36 hours and 3 days, respectively."

Propylene glycol (1,2-propanediol) is the
pharmaceutical solvent used to formulate
parenteral LZP, DZP, and PTB. Although large
doses of propylene glycol have been associ-
ated with toxicity, the incidence is unknown.
Acute kidney injury, hyperosmolality, and lac-
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tic acidosis that presents as a high-anion gap
metabolic acidosis and osmolar gap has been
reported.®!* In critically ill patients receiving
agents containing propylene glycol, an osmolar
gap greater than 10 was reported to cause toxic-
ity.!* Although most patients respond to discon-
tinuation of agents containing propylene glycol
accompanied by hemodynamic support, those
with multiorgan failure may require fomepizole
or hemodialysis."**'¥

Midazolam

Midazolam is an injectable BDZ that is fast act-
ing, rapidly penetrates the blood-brain barrier,
and exerts a short duration of action. Studies
suggest efficacy in 71% to 97% of patients.'¥'*
A meta-analysis of 111 children indicated that
MDL was as effective as other coma-inducing
medications.' Important in the discussion of
efficacy is the target goal for success. Most stud-
ies used termination of seizures on EEG as the
endpoint for success. EEG burst suppression is
rarely achieved with the recommended doses of
MDL, and some suggest that it should not be the
goal for success.?

Although different dosing regimens have been
used, many suggest that an initial bolus dose of
0.1-0.5 mg/kg, followed by an infusion of 0.05-2
mg/kg/hr will control refractory GCSE in most
children (Table 2)."¥'45 Doses as large as 24 mcg/
kg/min have been required.'*

Very rapid control of seizures has been report-
ed, occurring in 0.3-1.1 hours.**'* Some!¥1314
but not all***'* of the studies noted a longer time
to control seizures when smaller loading doses
were used. If a patient is not controlled, the dose
should be increased every 15 minutes by 1-2
mcg/kg/min (0.06-0.12 mg/kg/hr).>*° If clinical
seizures persist 5 minutes after the initial MDL
bolus, then administer an additional 0.2 mg/kg
while continuing the infusion. If clinical seizures
continue after another 5 minutes, then administer
another MDL bolus of 0.2 mg/kg and increase
the infusion to 0.2 mg/kg/hr. If seizures persist
at the maximum MDL infusion rates (generally,
2 mg/kg/hr) or the infusion is not tolerated,
another agent should be considered.

Tachyphylaxis rapidly develops within 24 to
48 hours; hence, the dose is often increased to
prevent seizure relapse.'*® After initial control,
seizures have been observed in 47% to 57% of pa-
tients,'*>!* and generalized convulsive seizures

recurred in 6% to 19%.'**'* This may require an
increase in dosage or a change in therapy. Fer-
lisi and Shorvon'¥ reported seizure control was
achieved with a change in dose in 12%, 7%, and
6% of those given PRO, MDL, and barbiturates,
respectively. Seizures occurred even when MDL
infusion rates were 1.44 mg/kg/hr. Recurrent
seizures that required a change in therapy oc-
curred most frequently with MDL (3%) compared
to PRO (1.3%) and barbiturates (0%).'” With-
drawal seizures that occurred within 48 hours
of discontinuation of MDL have been reported
less frequently in those receiving large doses.'*®
If withdrawal seizures occur, the anticonvulsant
should be reintroduced at the dosage that previ-
ously achieved seizure control.

The optimal length and tapering of any anes-
thetic treatment has not been addressed in pro-
spective studies, and retrospective observations
do not clearly favor any specific protocol. Wilkes
and Tasker' recommended a seizure-free period
of 24 to 48 hours before undertaking a trial of
weaning from the MDL infusion. When tapering,
the rate should be decreased by 1 to 2 mcg/kg/
min every 15 minutes.'

Many studies report no adverse effects with
MDL. 138140141183 A few reports have described
hypotension requiring IV fluids or vasopressor
support, > whereas others describe cardio-
vascular stability even in children receiving
large doses (24 mcg/kg/min' or 32 mcg/kg/
min'#). Hypotension occurred more frequently
with PTB compared to MDL and PRO (77% vs.
34%)."7 Endotracheal intubation and mechanical
ventilation was required less frequently with
MDL. Due to MDL'’s short half-life, waking
after discontinuation should not be excessively
prolonged; however, MDL does accumulate
with continued use, which can result in a longer
terminal half-life.’>' Rivera et al**® reported that
patients were completely awake within a mean of
4 hours (range, 2-8.5 hours) after the MDL infu-
sion was discontinued. When adverse effects do
occur, the patient’s recovery is quick. In addition,
the availability of a pharmacological antidote for
BDZs, flumazenil, lends to the safety of MDL.

Propofol

Propofol is an IV alkyl-phenol general anes-
thetic unrelated to BDZ and barbiturates. It has
a short half-life that allows for easy titration and
withdrawal and rapid awakening after drug
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cessation. Although it does accumulate with
prolonged administration, the consequences
are not as significant as that seen with MDL and
PTB. Like other anesthetics, there are few studies
of its efficacy in refractory GCSE"™*'®® and little
information that helps to clarify its use relative to
other therapies. Itis effective in quickly terminat-
ing refractory GCSE, but it is no more effective
than barbiturates.!>**%

Propofol increases the potency of GABA-
ergic inhibitory neurotransmission (Figure). At
concentrations that are clinically achieved, it
reversibly but non-competitively inhibits cellular
excitation at the NMDA glutamate receptor to re-
duce the probability of channel opening. Itis also
thought that propofol stimulates the production
and release of nitric oxide and at high concentra-
tions protects against the toxicity of NMDA and
glutamate. It does not affect kainic acid or AMPA.

Although several studies have compared PRO
to barbiturates, most studies were underpow-
ered. Propofol induces burst suppression within
35 minutes of initiation, but maintenance of burst
suppression may require frequent dosage titra-
tion.” Once EEG burst suppression has been
achieved, the dose should be reduced.

Propofol is given as a loading dose of 1-2 mg/
kg that can be repeated every 3 to 5 minutes until
clinical response is achieved, up to a maximum of
10 mg/kg (Table 2). This is followed by a continu-
ous infusion (1-4 mg/kg/hr).3" Although much
larger doses have been reported (10-15 mg/kg/
hr),* prolonged infusions >4 mg/kg/hr have
been associated with PRO-related infusion syn-
drome (PRIS) in critically ill adults and pediatric
patients receiving continuous infusion PRO for
anesthesia or sedation.” Signs and symptoms
of PRIS include progressive metabolic acidosis,
hemodynamic instability, and bradyarrhythmia
that are refractory to aggressive pharmacologi-
cal treatments. It may occur with or without the
presence of hepatomegaly, rhabdomyolysis, or
lipemia.

Vital signs, especially blood pressure for hy-
potension, should be carefully monitored. Con-
tinuous ECG should assess for dysrhythmias,
including bradycardia, ventricular tachycardia
or fibrillation, right bundle branch block, and a
widened QRS complex. Although no guidelines
have been proposed for laboratory monitoring in
patients receiving PRO, it would seem prudent
to assess serum lactic acid, serum triglycerides,

serum creatinine, CK, and hepatic enzymes in
anyone given the drug in doses larger than 4
mg/kg/hr and/or those receiving an infusion
for longer than 48 hours.

Cardiotoxicities should be managed with ag-
gressive pharmacological therapies and cardiac
pacing. Practitioners have successfully managed
PRIS with venovenous hemodiafiltration,'>-1¢1
charcoal hemofiltration,'®® or extracorporeal
membrane oxygenation.'®*'® However, plasma-
pheresis does not seem beneficial.'®® A retrospec-
tive case series of 41 patients with refractory
GCSE noted that 10% of patients had sudden
unexplained cardiorespiratory arrests (2 fatali-
ties) and 35% had non-life-threatening features
of PRIS.* Fatalities were also reported when
PRO was administered in conjunction with a
ketogenic diet.'s”

Propofol has also been reported to be procon-
vulsant in some patients.'®'* It may also cause
involuntary movements having a myoclonic
appearance that resolve following withdrawal
of PRO." Differentiation from seizures may be
challenging even with EEG monitoring, as the
events may be obscured by movement artifacts.

Ketamine

Prolonged SE results in an increase in NMDA
receptors. Stimulation of these receptors by
glutamate may promote seizure activity. For
this reason, NMDA-receptor antagonists such
as ketamine have been investigated (Figure).
A summary of the findings from more than 40
preclinical studies can be found in a recently
published review paper.'”! Ketamine can be used
to successfully treat soman-induced prolonged
SE within 1 hour of intoxication, reduce neuro-
inflammation, and change brain metabolism. In
this review, it was also noted that seizures lasting
more than 1 hour were not successfully treated
with ketamine alone. !

There are several case reports and retrospec-
tive studies describing the use of IV ketamine
for refractory GCSE in pediatric patients (Table
6).7>17* A 13-year-old patient with SE refractory
to PB, PHT, continuous MDL, PRO, IV VPA, IV
lidocaine, and PTB coma was treated with a load-
ing dose of 2 mcg/kg ketamine, which provided
clinical and electrographic control within 90 sec-
onds. The patient’s seizures ceased for 15 minutes
and were subsequently controlled by using a con-
tinuous infusion of ketamine (maximum rate: 7.5
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Table 6. Use of Ketamine for Refractory Status Epilepticus in Pediatric Patients

Reference StudyType(n) Age Loading Dose

Gaspard'* Retrospective, 7 mo 1.5 mg/kg
multicenter  to 74 yr (median);
(n=60; 5mg/kg

12 pediatrics) (maximum)

Rosati'” Open-label 16 mo  2-3 mg/kg twice
case series to10yr
(n=9)

Shethand  Casereport 13yr
Gidal'”

2 mcg/kg

Continuous Seizure ADRs
Infusion Dose Cessation
2.75 mg/kg/hr 32% response PRIS-like (n=1);
(median); rate SVT (n=2); AF
10 mg/kg/hr (n=1)
(maximum)

10 mcg/kg/min; 67% response None observed
60 mcg/kg/min rate

(maximum)

7.5 mcg/kg/hr - Within 90 secof ~ None observed
bolus

ADR, adverse drug reaction; AF, atrial fibrillation; PRIS, propofol-related infusion syndrome; SVT, supraventricular tachycardia

mcg/kg/hr).””> A retrospective review found that
6 of 9 pediatric patients (16 months to 10 years
of age) had both clinical and electrical resolution
following a median dose of 40 mcg/kg/min."”
The only adverse events reported were increased
saliva production (n=9) and mild increase in
liver enzymes with concomitant PB (n=4). A
multicenter, retrospective study evaluated the
use of IV ketamine in 60 episodes of refractory
GCSE in 46 adult and 12 pediatric patients.””* A
loading dose (median 1.5 mg/kg; maximum 5
mg/kg) and a subsequent continuous infusion
(median 2.75 mg/kg/hr; maximum 10 mg/kg/
hr) controlled seizures in 19 episodes (32%).
Adverse events included a syndrome similar to
PRIS (n=1), supraventricular tachycardia (n=2),
and atrial fibrillation (n=1).

An advantage of ketamine is its ability to
maintain arterial blood pressure, pulse rate, and
cardiac output.'” It may cause hallucinations
upon awakening, increased salivation, and in-
creased intraocular and intracranial pressures.
Although neurotoxicity has rarely been reported
in infants or children, it has not been reported
in any pediatric cases of SE. Finally, ketamine
has been reported to be proconvulsant in some
patients. In summary, ketamine is a reasonable
agent to consider in refractory GCSE for which
general anesthesia has failed, especially in those
with cardiac instability.

Inhaled anesthetics

Isoflurane produces a dose-related reduction
in cortical electrical activity, decreases cerebral
metabolic rate and oxygen consumption, and
does not increase cerebral blood flow. Although

the mechanism of its anticonvulsant effects is
not fully elucidated, it may be attributable to the
potentiation of inhibitory postsynaptic GABA
receptors. Today, inhaled anesthetics are not used
until other approaches fail, and only a few stud-
ies have used inhaled anesthetics (particularly
isoflurane) for the treatment of refractory SE."7¢'78

Although concentrations required to maintain
burst suppression are variable, isoflurane gener-
ally stops seizure at concentrations of 0.5% to 3%,
which are not ordinarily associated with hemo-
dynamic effects. Major limitations to the use of
inhaled anesthetic involves logistical difficulties
in using this in the intensive care unit, adverse
effects, and the high rate of seizure recurrence
after discontinuation of the therapy. Isoflurane
can induce hypotension, so close hemodynamic
monitoring is necessary, with administration of
isotonic fluids and vasopressors as needed. Long-
term use may cause atelectasis, infections, para-
lyticileus, and deep venous thrombosis.'”” Fugate
et al'”® also raised concerns about isoflurane and
central nervous system toxicity, especially in
thalamic and cerebellar regions.

Magnesium

Intravenous magnesium sulfate has been used
primarily for seizures associated with eclampsia.
Although magnesium has antiseizure properties,
the mechanism by which it produces this effect is
unknown. It has been shown to influence several
receptors and ion channels. It is thought to work
with divalent cations (e.g., Ca**) to maintain
electrical stability of the neuronal membrane
(Figure). That said, magnesium and calcium have
opposing effects on synaptic release of neutro-
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transmitters. Calcium facilitates synaptic release
whereas magnesium inhibits release; hence,
blockage can be excitatory or inhibitory based on
the nature of the synapse. Although magnesium
causes voltage-dependent blockade of NMDA-
induced currents, this effect tends to disappear
at depolarized levels of the membrane potential.
Therefore, it is not certain that magnesium blocks
NMDA channels. Because it has no significant
toxicity, it seems reasonable to give it in all cases
of super-refractory SE, even in the presence of a
normal serum magnesium value.'¥ One regimen
suggested administering an initial loading dose
and continuous infusion sufficient to increases
the serum level above 7 mEq/L."”

Super-refractory GCSE

Super-refractory GCSE involves seizures that
have persisted or recurred for 24 hours or more
after the administration of anesthesia (Table 1).
This includes exacerbations that occur when
reducing the dose of an anticonvulsant or with-
drawing anesthesia. To date, no randomized
trials have evaluated treatment options for super-
refractory GCSE; hence, the basis of information
is generally derived from case reports. Other
anticonvulsants (e.g., topiramate), immuno-
modulatory compounds (steroids, IVIG), and
non-pharmacological approaches (hypothermia,
electroconvulsive treatment, vagus nerve stimu-
lation, and the ketogenic diet) have been used in
cases of protracted, super-refractory GCSE. Surgi-
cal intervention is rarely an option. There are no
clear guidelines about dose or duration of therapy
and often little to no evaluation of effectiveness.

Topiramate

Topiramate influences a variety of receptors
and ion channels. Similar to the barbiturates and
hydantoins, topiramate exhibits voltage-sensitive
sodium-channel blockade. It also potentiates
GABA activity at some subtype of the GABA
receptor (Figure) to significantly increase brain
concentrations of GABA. This effect occurs inde-
pendent of the BDZ site on the GABA , receptor;
hence, topiramate may be effective in patients
who display pharmacoresistance to BDZ. Topi-
ramate also antagonizes excitatory glutamatergic
transmission at the AMPA /kainite subtype of
the glutamate receptor, which may be its most
influential mechanism in termination of electrical
discharges in patients with refractory epilepsy.

Although topiramate inhibits high-voltage-acti-
vated T-type calcium channels this action does
not significantly contribute to its effectiveness as
an anticonvulsant.

Several reports in pediatric patients have
described the successful use of rapidly titrated,
nasogastrically administered topiramate (Table
7).18018 These reports have included 1 prospec-
tive, observational study (n=14 patients) and
4 case series/reports (n=9 patients). Patients
ranged from 2 months to 16 years of age, and 10
experienced new onset seizures. Doses ranged
from 2 to 25 mg/kg/day. Time to response was
from 2 hours to 6 days.

Topiramate should be implemented at full
therapeutic doses (5-10 mg/kg/day) divided
3 times a day. To administer nasogastrically,
the topiramate tablets should be crushed to a
powder, mixed with water, and administered by
syringe into the nasogastric tube. Once seizures
are controlled, the topiramate dose should be
tapered to a normal age/weight-appropriate
maintenance dosage.

A concern with the aggressive implementation
of large doses is possible hyperchloremic, non-
anion gap, metabolic acidosis due to inhibition
of type Il and IV carbonic anhydrase enzymes.'®
Contributing factors are not fully understood, but
metabolic acidosis does occur more frequently
in children. Dose does not appear to be the sole
determinate as it has been noted at doses as small
as 50 mg/day'®'* and following overdoses.'® %
If metabolic acidosis occurs it generally responds
to discontinuation of topiramate; however, it can
be treated with orally administered citrates with
the goal of maintaining a serum bicarbonate
concentration of at least 20 mEq /L.

Immunomodulatory compounds
Immunomodulating therapies (i.e., corticoste-
roids, IV immune globulin, and plasmapheresis)
have been given in cases of super-refractory
GCSE."®#1 Their use is predicated upon recent dis-
coveries that super-refractory GCSE may be due to
antibodies directed against the voltage-gated po-
tassium channels and the NMDA receptor. There
is increasing evidence that inflammation plays
an important role in epileptogenesis, especially
the activation of specific inflammatory signaling
pathways, such as the interleukin-1 receptor/
Toll-like receptor (IL-1R/TLR) pathway.'® There
is also the possibility that other undiscovered
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Table 7. Use of Topiramate for Refractory Status Epilepticus in Pediatric Patient

ADRs

Time to TPM

TPM Route TPM Dosage

No. of AEDs
Prior to TPM

Age

Study Type (n)

Reference

Response

Within 24 hr

2-3 mg/kg/day (5-6 mg/kg/day

maximum)

4.5 mo to 2-6

:3)

Case series (n

Kahriman'®°

11yr

1

Anorexia (n

6 days

2-5 mg/kg, then 22-25 mg/kg/day;
maintenance 10 mg/kg/day

5moto 3-7 NG

32mo

:2)

Case series (n

Blumkin'®

12-21 hr

10 mg/kg/day for 2 days, then 5 mg/kg/

day

PO or
enteral

2 mo to

:3)

Case series (n

Perry'®

6yr

8 hr

2.5 mg/kg/day

16 yr

1)

Case report (n

Bragatti'®

Mild metabolic

Median, 5.5 hr

5 mg/kg loading dose then 5 mg/kg/
day divided twice daily (25 mg/kg/day

maximum)

ADRs, adverse drug reactions; AEDs, antiepileptic drugs; NG, nasogastric; PO, by mouth; TPM, topiramate

*Not mentioned in the report or unknown.

0-2 NG

6 mo to

Prospective

Akyildiz'®2

:3)

acidosis (n

(range 2-48 hr)

12yr

=14)

observational (n

antibodies may contribute to the pathogenesis of
super-refractory GCSE. Steroids may also decrease
intracranial pressure, reverse blood-brain bar-
rier opening, and reverse GABAergic inhibition,
which may influence persistent seizures.

There is little evidence to support the use of ste-
roids; however, unless there are specific contrain-
dications, a trial of large doses of steroids should
be given to all patients with an unidentified cause
of super-refractory GCSE. Although predniso-
lone is no longer available in the United States,
Shorvon and Ferlisi'® recommend prednisolone,
1 g/day 1V, for 3 days, followed by 0.25 mg/
kg/day four times daily."® If there is a response,
treatment is continued with long-term steroids,
IVIG, and later, other immunomodulatory agents
such as cyclophosphamide or rituximab.'® Neu-
roactive steroids (e.g., allopregnanolone) are also
being explored.””!

If there is no response this should be followed
by 1 or 2 courses of IVIG, 0.4 g/kg/day for 5
days.’ This is especially true if inflammatory
processes such as Rasmussen’s encephalitis or
new onset refractory SE are suspected.'>'**

Although plasma exchange is rarely used, it has
been tried.'® If plasmapheresis is used, it may re-
duce serum concentrations of an anticonvulsant;
therefore, therapeutic drug monitoring is criti-
cal to the maintenance of serum concentrations
as supplemental antiepileptic dosing may be
required. This is especially true for those agents
that are not highly protein bound.

Hypothermia

Animal studies show that controlled, moder-
ate hypothermia reduces excitatory transmission
and epileptic discharges, reduces brain edema
by altering permeability of the blood—brain bar-
rier and pro-inflammatory reactions, and has
neuroprotective effects (decreases apoptosis). It
also decreases cerebral metabolic rate, oxygen
use, and ATP consumption.'$%1%

Few data have assessed the efficacy or safety of
hypothermia in refractory GCSE. One case series
described 3 children with refractory SE who were
successfully treated with hypothermia (30°C-
31°C) and barbiturate coma for 48 to 120 hours.
The effects of hypothermia could not be sepa-
rated from those of barbiturate.'”® Corry et al'*®
reported a series of 4 patients who successfully
gained seizure control after receiving therapeu-
tic hypothermia (31°C-35°C) for 20 to 61 hours

N
N
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using endovascular cooling. Mild hypothermia
(31°C-36°C) together with MDL, ketamine, or
thiopental for 1 to several days has been reported
to control refractory SE, but seizures can recur
after rewarming. Rossetti'”” recommended that
only mild hypothermia (32°C-35°C) be given for
24 to 48 hours as a trial; however, it should not be
used in combination with barbiturate anesthetics.
Adverse effects include acid-base and elec-
trolyte disturbances, disseminated intravascular
coagulation, coagulation disorders, thrombosis,
infection, cardiac arrhythmia, bowel ischemia, and
paralyticileus." Cardiovascular and coagulation
parameters, biochemistry and acid-base balance,
and serum lactate should be monitored. Hypo-
thermia may significantly reduce the clearance
of several drugs, including anesthetics and anti-
epileptics, resulting in the need for monitoring of
serum concentrations. Reduced drug clearance is
attributed to decreased activity of the cytochrome
P450 enzyme system, reduced cardiac output, and
decreased glomerular filtration rate.'*

Electroconvulsive therapy

Electroconvulsive therapy (ECT) is listed as
an indication for refractory SE by the American
Psychiatric Association Task Force and has been
used mostly in cases of refractory nonconvulsive
SE.?® Jts mechanism of action is unknown, but
some evidence suggests that it enhances pre-
synaptic transmission of GABA and prolongs
the refractory period following a seizure.'®*!
Lambrecq et al*® reviewed available information
on the use of ECT in refractory SE. They noted
cessation of SE in 80% of cases and complete
recovery in 27% of patients. It remains unclear
whether ECT or subdural electrode stimulation
will terminate refractory GCSE; however, itis an
option when established treatments including
anesthesia have failed to abort the most severe
cases of refractory GCSE.

Ketogenic diet

There have been case reports,* case series, %
and retrospective reviews**?” of the successful
use of ketogenic diet in patients with refractory
SE. The reports convincingly show that the diet
should probably be tried in all severe cases of
super-refractory SE.

Nabbout et al*® reported the successful use of
a fat-to-combined protein and carbohydrate ratio
of 4:1in 9 cases of super-refractory SE caused by

febrile illness.*” Efficacy occurred in 7 patients
within 2 to 4 days of the onset of ketonuria, which
occurred 4 to 6 days after implementing the diet.
One patient experienced relapsed intractable SE
and died following early disruption of the diet.
Nam et al*® retrospectively reviewed the medical
records of 4 children and 1 adult with refractory
SE presumed to be due to viral encephalitis.?®
The overall seizure frequency decreased to <50%
of baseline in a median of 8 days. At 1 month, 2
patients were seizure-free, 1 patient showed sei-
zure reduction of >90%, and the other 2 patients
had >75% decrease without generalized seizures.

In a retrospective review of data from 4 cen-
ters, Thakur et al?”” described successful resolu-
tion of SE in 90% of critically ill adult patients
(n=10) with super-refractory SE who undertook
the diet. The median duration of SE and the
median number of anticonvulsants used before
initiating the ketogenic diet was 21.5 days and
7 drugs, respectively. Ninety percent of patients
achieved ketosis, and SE ceased in all patients
achieving ketosis in a median of 3 days. Cobo
et al* reported the use of the ketogenic diet in
4 critically ill children (9 weeks to 13.5 years of
age) with refractory SE. Although delayed ketosis
and persistently elevated glucose measurements
posed challenges in implementation, patients
were weaned from continuous infusions of an-
esthetics without recurrence of SE. None of the
patients experienced complete seizure cessation.

Wheless'” suggested that the patient be
screened for metabolic disorders as a possible
cause of the refractory SE before initiating the
diet. Children in the intensive care unit are of-
ten receiving multiple medications, requiring
consultation with the pharmacist to switch to
formulations with no or minimal carbohydrate
content. Close monitoring of total daily fluid,
ketosis, and potential complications is essential.
If metabolic acidosis develops, treatment is sug-
gested to maintain serum bicarbonate concen-
trations of >18 to 20 mEq/L. PRIS was reported
in a 10-year-old patient with refractory SE who
received the ketogenic diet along with PRO.'’
The authors speculated that the 2 agents impaired
fatty-acid oxidation and recommended that they
not be used simultaneously.'

Vagus nerve stimulation
Although acute vagus nerve stimulation (VNS)
has been suggested as an effective therapy in
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patients with super-refractory GCSE, it has been
used in few children?® and adults.?®*? After 2
weeks of aggressive medical treatment, place-
ment of VNS resulted in immediate cessation
of seizures in a 13-year-old patient with refrac-
tory SE.*® A recent publication describing 153
pediatric patients treated with VNS reported
complete seizure remission in approximately
5%.2! However, other pediatric case series have
reported a reduced seizure frequency in as many
as 68% of patients.?!?

CONCLUSIONS

GCSE is one of the most common neurologic
emergencies and can be associated with sig-
nificant morbidity and mortality if not treated
promptly and aggressively. Management is
staged and generally involves the use of life sup-
port measures, identification, and management
of underlying causes, and rapid initiation of an-
tiepileptic medications. In a non-hospital setting,
PR DZP is being replaced by IN MDL or IM LZP.
Impending GCSE is best managed by IV LZP in
the emergency department, but intranasal MDL
is being used increasingly. Although a hydantoin
has historically been used as the first-line anticon-
vulsant in patients unresponsive to a BDZ, there
is little evidence to support that it is as effective
as PB. There is a lack of consensus regarding
the optimal therapeutic approach for refractory
GCSE, but continuous infusion of barbiturates
(PTB, thiopental), BDZs (LZP, MDL), or PRO may
be used. Super-refractory GCSE has been suc-
cessfully treated with other anticonvulsants (e.g.,
topiramate), immunomodulatory compounds
(steroids, IVIG), and non-pharmacological ap-
proaches (hypothermia, electroconvulsive treat-
ment, vagus nerve stimulation, and ketogenic
diet), but there are no studies or clear guidelines
to drive therapeutic decisions.
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