
REVIEW ARTICLE

Pharmacotherapy for Refractory and Super-Refractory Status
Epilepticus in Adults

Martin Holtkamp1

Published online: 24 January 2018

� Springer International Publishing AG, part of Springer Nature 2018

Abstract Patients with prolonged seizures that do not

respond to intravenous benzodiazepines and a second-line

anticonvulsant suffer from refractory status epilepticus and

those with seizures that do not respond to continuous

intravenous anesthetic anticonvulsants suffer from super-

refractory status epilepticus. Both conditions are associated

with significant morbidity and mortality. A strict pharma-

cological treatment regimen is urgently required, but the

level of evidence for the available drugs is very low.

Refractory complex focal status epilepticus generally does

not require anesthetics, but all intravenous non-anes-

thetizing anticonvulsants may be used. Most descriptive

data are available for levetiracetam, phenytoin and val-

proate. Refractory generalized convulsive status epilepticus

is a life-threatening emergency, and long-term clinical

consequences are eminent. Administration of intravenous

anesthetics is mandatory, and drugs acting at the inhibitory

gamma-aminobutyric acid (GABA)A receptor such as

midazolam, propofol and thiopental/pentobarbital are rec-

ommended without preference for one of those. One in five

patients with anesthetic treatment does not respond and has

super-refractory status epilepticus. With sustained seizure

activity, excitatory N-methyl-d-aspartate (NMDA) recep-

tors are increasingly expressed post-synaptically. Ketamine

is an antagonist at this receptor and may prove efficient in

some patients at later stages. Neurosteroids such as allo-

pregnanolone increase sensitivity at GABAA receptors; a

Phase 1/2 trial demonstrated safety and tolerability, but

randomized controlled data failed to demonstrate efficacy.

Adjunct ketogenic diet may contribute to termination of

difficult-to-treat status epilepticus. Randomized controlled

trials are needed to increase evidence for treatment of

refractory and super-refractory status epilepticus, but there

are multiple obstacles for realization. Hitherto, prospective

multicenter registries for pharmacological treatment may

help to improve our knowledge.

Key Points

After failure of two intravenous anticonvulsant

drugs, ongoing epileptic seizures require consequent,

pharmacological treatment that depends on the

severity of seizures.

Refractory complex focal status epilepticus should

be treated with compounds that do not cause

significant sedation and that do not require

mechanical ventilation.

Refractory generalized convulsive status epilepticus

should be treated with strong-acting anesthetic drugs

to suppress seizure activity as soon as possible.

Continuing seizures or recurring seizures after

anesthetics are challenging and drugs with a wide

range of mechanisms of action may be administered.
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1 Introduction

From an epileptologist point of view, status epilepticus is a

rare condition as almost all epileptic seizures are self-

limiting events. From the emergency physician’s point of

view, status epilepticus is frequent, and is the second most

common neurological emergency after stroke. Most epi-

demiological studies report incidence rates for status

epilepticus of 10–20 per 100,000, although a higher inci-

dence was found in one US study (41–61 per 100,000) [1].

In about one-third of cases, status epilepticus is refractory

towards first-line intravenous benzodiazepines and second-

line non-anesthetic anticonvulsants [2–4]. In 20% of

patients requiring treatment with anesthetic anticonvulsants

for refractory status epilepticus, seizure activity even

continues after administration of these anesthetics, a con-

dition termed malignant or super-refractory status epilep-

ticus [5, 6]. The incidence rate for super-refractory status

epilepticus has been reported to be 0.7/100,000 in Finland

and 3.0/100,000 in Germany [7, 8].

Refractory and super-refractory status epilepticus are

associated with significant morbidity and mortality [9]. In

one study, 1-year mortality was 22% for refractory and

36% for super-refractory status epilepticus [8], in another

study, accordant discharge mortality was 15 and 40% [7].

Status epilepticus is a relevant burden to health-care sys-

tems. Direct cost of illness for all types of status epilepticus

were US$8400 (median, admittance to US hospitals in the

years 1993 and 1994), costs doubled to US$16,900 when

etiology was an acute central nervous system disorder

which commonly results in refractory status epilepticus

[10]. More recent data from Germany covering the years

2008–2013 indicate median direct costs for each case with

refractory and super-refractory status epilepticus of €4600
and €32,700, respectively [7]. Very similar novel data (year

2012) are available from US hospitals with median direct

cost for hospitalization for super-refractory status epilep-

ticus of US$33,300 [11]. One has to keep in mind that

higher mortality rates and higher costs for refractory and

super-refractory status epilepticus have to be attributed also

to the underlying etiology.

Nonetheless, optimal treatment for refractory and super-

refractory status epilepticus is of utmost importance, and

the mainstay is pharmacotherapy. In the last years, a

number of comprehensive review articles on the manage-

ment of status epilepticus have been published [12–15],

one of those on pharmacotherapy appeared in Drugs

2 years ago [16]. This current review article discusses in-

depth pharmacological treatment options for refractory and

super-refractory status epilepticus, and first- and second-

line treatments as well as non-pharmacological approaches

are summarized. This review focuses on treatment of adult

patients; pharmacotherapy for childhood status epilepticus

is covered elsewhere [17, 18]. Anoxic–hypoxic

encephalopathy is excluded from this review, as there is no

general agreement on the epileptic nature of clinical and

electroencephalographic abnormalities seen in this

condition.

2 Definitions

In the year 2015, the Commission on Classification and

Terminology and the Commission on Epidemiology of the

International League Against Epilepsy have proposed a

new definition of status epilepticus [19]. The definition

conceptualizes two operational dimensions. Time point

‘‘T1’’ defines the duration of sustained seizure activity after

which an epileptic seizure is status epilepticus and after

which acute anticonvulsant treatment should be initiated.

Time point ‘‘T2’’ defines the duration of sustained seizure

activity after which patients are at risk of long-term con-

sequences and after which seizure activity ideally should

have been terminated. T1 and T2 differ in regard to type of

status epilepticus, that is 5 and 30 min in generalized

convulsive status epilepticus, 10 and[60 min in complex

focal status epilepticus and 10–15 min and unknown in

absence status epilepticus.

There is no ‘‘official’’ definition of refractory status

epilepticus of the International League Against Epilepsy,

but most authors agree on refractoriness after failure of a

first-line intravenous or intramuscular long-acting benzo-

diazepine and of a second-line intravenous non-anes-

thetizing anticonvulsant [15].

Status epilepticus that continues with or rapidly recurs

after treatment with continuous intravenous anesthetic

anticonvulsants has initially been termed ‘‘malignant’’ [5],

and later on the term ‘‘super-refractory’’ was introduced

[20] and has become widely accepted.

3 Consequences of Ongoing Seizure Activity

Acute, potentially life-threatening complications and long-

term neurocognitive and neurological consequences are the

main determinants for the extent of aggressiveness of

pharmacological treatment of refractory and super-refrac-

tory status epilepticus. The risks of prolonged status

epilepticus need to be weighed against the risks of

aggressive treatment approaches.

Generalized convulsive status epilepticus results in

significant release of endogenous catecholamines. Conse-

quences are arterial hypertension, potentially lethal tach-

yarrhythmias, pulmonary edema requiring mechanical

ventilation, renal failure, disseminated intravascular
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coagulation, etc. [21]. In generalized convulsive status

epilepticus, the mortality risk is 3% within the first 30 min

and 19% after more than 30 min [22]. Even if generalized

convulsive status epilepticus becomes subtle after some

hours, excitotoxicity of persistent generalized epileptiform

discharges still has the potential for deleterious effects on

the brain [23]. Therefore, generalized convulsive status

epilepticus, either overt or subtle, requires prompt treat-

ment escalation if the condition becomes refractory or

super-refractory.

Complex focal status epilepticus does not produce acute

systemic complications, but patients may be at risk for

injuries due to impaired consciousness. Neuronal and

clinical long-term consequences, however, are method-

ologically difficult to assess. If patients have an acute brain

disorder, such as encephalitis, as underlying cause of

complex focal status epilepticus, consequences of ongoing

seizure activity are difficult to discern from those of

encephalitis [24]. Though some surrogate markers, such as

cortical atrophy demonstrated by neuroimaging [25] or

elevated levels neuron-specific enolase in cerebrospinal

fluid or serum [26, 27], indicate neuronal damage in

refractory complex focal status epilepticus, so far con-

vincing data on clinical long-term consequences of

refractory complex focal status epilepticus itself are

lacking.

4 Pharmacological Management

4.1 Anticonvulsant Compounds Used in Status

Epilepticus

In the following, we discuss individual anticonvulsants

with regard to their mechanisms of action, to findings from

experimental animal models and to general safety issues

with rapid intravenous loading. Compounds are presented

in alphabetical order. Data on efficacy are presented in the

subchapters on different clinical forms and stages of status

epilepticus.

4.1.1 Benzodiazepines

The predominant pharmacological action of benzodi-

azepines is mediated through high affinity to the allosteric

modulatory site on gamma-aminobutyric acid (GABA)A
receptors [28]. Benzodiazepines enhance affinity and

binding of GABA to the GABAA receptor, thereby

increasing the frequency of chloride channel openings

[29, 30]. Intracellular influx of chloride ions result in

neuronal hyperpolarization [31].

In an animal model of self-sustaining status epilepticus

(SSSE) induced in rats by intermittent stimulation of the

perforant path, diazepam administered prior to stimulation

prevented status epilepticus in all animals [32]. This ben-

zodiazepine was less effective when administered after

30 min of stimulation, efficacy further decreased with

longer duration of stimulation. Lorazepam was assessed in

an experimental model system of secondary generalized

convulsive status epilepticus, brain concentrations peaked

10 min after peak serum levels were achieved [33]. The

data suggested that a serum concentration of 0.2 mg/L

should be effective in most cases and should provide sei-

zure protection for 24 h following treatment. Diazepam is

more lipophilic than lorazepam, which results in rapid

redistribution to lipid tissue beyond the brain [34]. This

may explain diazepam’s disadvantageous shorter duration

of action in the brain compared to lorazepam [35].

4.1.2 Brivaracetam

Brivaracetam is an analogue of levetiracetam, which binds

to the synaptic vesicle protein 2A and decreases release of

excitatory neurotransmitters [36]. Brivaracetam differs

significantly from levetiracetam by its selective, high

affinity and differential interaction with synaptic vesicle

protein 2A. In preclinical seizure and epilepsy studies,

these characteristics correlated with stronger anticonvul-

sant effects and more rapid onset of action [37].

In the classical rat model of SSSE induced by perforant

path stimulation, treatment with brivaracetam resulted in

dose-dependent reduction in duration of status epilepticus

and cumulative seizure time [38]. Co-administration of

low-dose diazepam allowed to reduce the dose of bri-

varacetam by factor 30 to achieve similar anticonvulsant

effects.

Tolerability of intravenous brivaracetam has been

demonstrated in a multicenter, randomized controlled trial

on 105 patients with focal or generalized epilepsy [39].

4.1.3 Inhalational Anesthetics

Mechanisms of actions of inhalational anesthetics comprise

altered activity of neuronal ion channels, particularly at fast

synaptic neurotransmitter receptors such as nicotinic

acetylcholine, GABAA, and glutamate receptors [40]. This

group of anesthetics may also affect neuronal ion channels

by binding directly to protein sites. In extracellular voltage

recordings from ventral horn interneurons in cultured

spinal cord tissue slices obtained from embryonic rats,

isoflurane and enflurane significantly reduced spontaneous

action potential, the effects were largely mediated by gly-

cine and GABAA receptors [41].

In a model system of penicillin-induced status epilepti-

cus in cats, halothane, isoflurane, and sevoflurane were

assessed in regard to their anticonvulsant properties [42].
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All volatile anesthetics showed anticonvulsant effects, but

isoflurane was the most potent.

4.1.4 Ketamine

Animal models of sustained status epilepticus have

demonstrated that with ongoing seizure activity post-sy-

naptic inhibitory GABAA receptors decline in number, and

on the other hand, that functionally active excitatory N-

methyl-d-aspartate (NMDA) receptors are increasingly

expressed (Fig. 1) [43, 44]. Both mechanisms result in

increased neuronal excitability. Interestingly, the increase

in number of NMDA receptors paves the way to an alter-

native treatment approach, the pharmacological blockade

of the NMDA receptor.

Ketamine blocks the ionotropic NMDA receptor, which

can produce channels permeable to calcium and sodium

ions [45], which themselves mediate fast excitatory neu-

rotransmission in the brain [46]. By this mechanism,

ketamine reduces neuronal excitability.

In an animal model of electrically induced status

epilepticus, ketamine did not affect seizure activity within

the first 15 min after onset but effectively controlled status

epilepticus after 60 min when GABAergic phenobarbital

had already lost its anticonvulsant potency [47]. These

findings nicely demonstrate the progressive pharmacore-

sistance towards anticonvulsants acting at the GABA

receptor and the increasing efficacy of drugs blocking the

NMDA receptor. Further experimental data revealed that

ketamine and benzodiazepines (diazepam, midazolam)

have a strong synergistic effect in status epilepticus

[48, 49].

4.1.5 Lacosamide

Lacosamide differs from other sodium channel blockers by

its selective effects on slow channel inactivation; it shifts

the slow inactivation curve to more hyperpolarized poten-

tials and enhances the maximal fraction of channels that

are in the slow inactivated state [50]. Recent data have

demonstrated that the efficacy of lacosamide, in regard to

inhibition of high-frequency firing, is unabated in both

chronic experimental and human epilepsy [51].

In the experimental model of SSSE, rats were treated

with lacosamide either 10 or 40 min after onset of per-

forant path stimulation. Early treatment with lacosamide

significantly reduced status epilepticus activity in a dose-

dependent manner, while late treatment only showed a

trend toward reduced seizure activity [52].

Tolerability of intravenous lacosamide was excellent in

lacosamide-naive adult patients with focal epilepsy when

administered over 15 min at doses of 200 mg (25 patients)

and 300 mg (50 patients), the 400 mg loading dose (25

patients) was less well tolerated [53]. Another study

reported 17 adult in-patients who received lacosamide

infusion during video-EEG-monitoring (200 mg every

12 h for 2–3 days), rapid loading was well tolerated with

few mild or moderate adverse events in 3 out of 17 patients

only (17.6%) [54].

4.1.6 Levetiracetam

Unlike other anticonvulsants at the time-point of leve-

tiracetam development, the mechanisms of action involve

neuronal binding to synaptic vesicle protein 2A, which

inhibits calcium release from intraneuronal stores and thus

excessive synchronized neuronal activity [55]. Due to its

unique main mechanism of action at that time, this drug

threatened to fall through the cracks as it failed to prove

efficacy in the classical experimental screening models for

compounds with anticonvulsant properties. The maximal

electroshock model generally identifies sodium channel

blockers [56] and the chemoconvulsant pentylenetetrazole

model generally identifies GABAergic drugs [57]. In con-

trast, levetiracetam demonstrated efficacy in the 6 Hz

psychomotor seizure model, which had been developed in

the early 1950s [58] but had been mostly ignored since then

as it failed to prove efficacy of phenytoin [59].

In the experimental model of SSSE, pretreatment with

intravenous levetiracetam reduced or prevented the devel-

opment of status epilepticus in a dose-dependent manner

[60]. Administration of levetiracetam during the mainte-

nance phase of status epilepticus successfully terminated

seizure activity. Co-administration of levetiracetam to

diazepam exhibited an additive effect.

Tolerability of intravenous levetiracetam has been

assessed in 11 adult patients with status epilepticus who

had already been treated with benzodiazepines followed by

phenytoin or valproic acid [61]. Levetiracetam at 2500 mg

was administered over approximately 5 min. No serious

adverse events were reported.

4.1.7 Phenobarbital

Barbiturates activate postsynaptic GABAA receptors [62],

which results in an opening of the receptor channels

leading to chloride ion influx and efflux of bicarbonate

ions. Both changes eventually hyperpolarize the cell

membrane rendering the neuronal cell less exci-

table [63, 64]. Barbiturates specifically act via prolonging

the opening of the chloride channel [65, 66].

At the beginning of the twentieth century, phenobarbital

was approved and marketed as a sedative. The German

neurologist Alfred Hauptmann observed that epilepsy

patients who were administered this tranquilizer had fewer

epileptic seizures [67, 68]. He started to assess the efficacy
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of phenobarbital systematically and published his obser-

vations in 1912 [69]. In 1919, he recommended to extend

the use of phenobarbital for the treatment of status

epilepticus [70].

In a rat model of generalized convulsive status epilep-

ticus, phenobarbital proved to be efficacious to terminate

seizure activity at serum concentrations above 20 mg/L

[71].

4.1.8 Phenytoin

Phenytoin is a classical sodium channel blocker which acts

via inhibition of sustained repetitive spike firing which may

contribute to propagation of epileptic activity [72]. This

anticonvulsant binds at the inner pore of the sodium

channel in its inactivated state and delays the transition

from the inactivated state to the resting closed state that

Fig. 1 Model of Chen’s and Wasterlain’s hypothesis of receptor

trafficking in transition of single seizures to status epilepticus [44].

Top: after repeated seizures, the synaptic membrane of GABAA

receptors forms clathrin-coated pits, which internalize as clathrin-

coated vesicles (C), inactivating the receptors because they are no

longer within reach of the neurotransmitter. These vesicles develop

into endosomes (E), which can deliver the receptors to lysosomes

(L) where they are destroyed, or to the Golgi apparatus (G) from

where they are recycled to the membrane. Bottom: by contrast, in

NMDA synapses, subunits are mobilized to the synaptic membrane

and assemble into additional receptors. As a result of this trafficking,

the number of functional NMDA receptors per synapse increases

whereas the number of functional GABAA receptors decreases [43]
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opens with depolarization [73]. Interestingly, the inhibitory

properties of the above-mentioned substances are ‘‘use-

dependent’’, i.e. repetitive firing results in greater binding

of the drugs and thus enhanced inhibition. This property

allows protection against epileptic seizures without major

interference with physiological brain function [74].

In the animal model of SSSE induced in rats by brief

intermittent perforant path stimulation, intravenous

phenytoin at 50 mg/kg was effective in aborting seizure

activity when injected 10 min after 30 min stimulation, but

efficacy vastly decreased with later injection or longer

stimulation [32].

In patients participating in the randomized controlled

Veterans Affairs Study, rapid intravenous loading of

18 mg/kg intravenous phenytoin at a rate of 50 mg/min

was part of the protocol [2]. One-hundred and one patients

were treated with monotherapy phenytoin and 95 with

phenytoin co-administered to diazepam; hypoventilation

was reported in 9.9%/16.8%, arterial hypotension in

27.0%/31.6% and cardiac arrhythmias in 6.9%/2.1%.

These figures were not significantly different compared to

patients treated with lorazepam and phenobarbital

monotherapy.

4.1.9 Propofol

The mechanism of action of propofol is different from that

of barbiturates and benzodiazepines as this compound

induces an inward hyperpolarizing current carried by

chloride ions [75]. Beyond this direct effect on chloride

channel conductance [76], propofol enhances the frequency

of GABA-induced conductance events [77] and thus

potentiates the inhibitory effect of GABA on neurons [78].

In the SSSE model following 2 h of perforant path

stimulation, propofol—even in subanesthetic doses—ad-

ministered shortly after the end of stimulation and also

after 3 h of ongoing status epilepticus terminated seizure

activity without recurrence [79].

4.1.10 Thiopental/Pentobarbital

The mechanism of action of thiopental/pentobarbital on the

GABAA receptor is somewhat different from benzodi-

azepines and propofol, as this compound group prolongs

the opening of the chloride channel [65, 66, 80].

Thiopental is the barbiturate of choice for treatment of

refractory generalized convulsive status epilepticus in

Europe, while pentobarbital (the first metabolite of

thiopental) is marketed in the USA [81].

4.1.11 Valproic Acid

The exact mechanism by which valproic acid unfolds its

anticonvulsant effects is not entirely understood. On the

one hand, valproic acid inhibits sustained high-frequency

repetitive firing of sodium-dependent action potentials in a

use- and voltage-dependent manner [31]. On the other

hand, valproic acid may have a GABAergic effect as it

increases the concentration of GABA in the whole brain

[82, 83] and also increases GABA turnover [84].

In a chemoconvulsant rodent model of generalized

convulsive status epilepticus induced by homocysteine

thiolactone, valproic acid was able to control seizures at

serum concentrations of 270 mg/L [85], the concentrations

generally recommended in humans are between 40 and

100 mg/L.

Intravenous infusion of valproic acid in higher doses has

been shown to be well tolerated in humans [86].

4.2 Treatment Concepts in Status Epilepticus

With regard to pharmacological treatment, the highest level

of evidence is available for first-line drugs in generalized

convulsive status epilepticus. In the last 20 years, four

randomized controlled trials with sufficient statistical

power have been conducted. Though initial treatment of

status epilepticus is not the primary focus of this article, the

main findings of these trials are summarized; these findings

are the basis for subsequent treatment approaches when

status epilepticus evolves to be refractory or even super-

refractory.

The first multicenter trial (often called Veterans Affairs

Study, as patients were recruited in hospitals of the

Department of Veterans Affairs in the USA) assessed the

efficacy and safety of four different treatment regimens in

patients with generalized convulsive status epilepticus. The

drugs were administered after patients had arrived in the

emergency room [2]. In a total of 384 included patients,

intravenous administration of 0.1 mg/kg lorazepam termi-

nated status epilepticus in 64.9% of cases, 15 mg/kg phe-

nobarbital in 58.2%, and 0.15 mg/kg diazepam directly

followed by 18 mg/kg phenytoin in 55.8%, there were no

significant differences between these groups. In the fourth

treatment group, 18 mg/kg phenytoin was administered,

which in pairwise comparison to lorazepam was signifi-

cantly less efficacious (only 43.6% of status epilepticus

cases were successfully terminated). Interestingly, the rate

of relevant adverse events—hypoventilation, arterial

hypotension, and particularly cardiac arrhythmias—did not

differ between the treatment groups. Cardiac arrhythmias

were observed in 2 and 7% of the regimen incorporating

phenytoin, and in 3% and 7% in the two groups without

this drug.
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Three other high-quality randomized controlled trials

have been conducted in the pre-hospital setting. One of

those with 205 participants from the San Francisco Bay

Area (USA) demonstrated that 2 mg intravenous lor-

azepam terminate generalized convulsive status epilepticus

in 59.1% of cases, while intravenous diazepam at 5 mg was

successful in 42.6% of patients [87]. In the placebo group,

21.1% of cases were terminated, which was significantly

lower compared to the two benzodiazepine groups and

which likely was not a typical placebo effect but sponta-

neous cessation of seizure activity. It is interesting to note

that the dose of lorazepam almost quadruples when treat-

ment is started only in the emergency room [2] compared

to earlier out-of-hospital treatment [87]. These clinical data

indicate progressive pharmacoresistance to benzodi-

azepines, which has been explained by erosion of

GABAergic inhibition likely due to loss of functionally

active post-synaptic GABAA receptors with ongoing sei-

zure activity (Fig. 1) [43, 44]. The second pre-hospital

randomized controlled trial (multicenter, USA) aimed to

demonstrate non-inferiority of 10 mg intramuscular mida-

zolam (n = 448 patients with generalized convulsive status

epilepticus) compared to 4 mg intravenous lorazepam

(n = 445 patients), data were collected from patients

without established intravenous access at the time point of

randomization [88]. Interestingly, intramuscular midazo-

lam (73.4% seizure termination) eventually was superior to

intravenous lorazepam (63.4%) in the intention-to-treat

analysis. In part, this may be explained by the fact that

intramuscular administration is much faster as patients do

not need an intravenous line.

In the third pre-hospital randomized controlled trial

(multicenter, France), patients with generalized convulsive

status epilepticus were randomized to intravenous leve-

tiracetam at 2500 mg co-administered to 1 mg clonazepam

(n = 68 patients, seizure termination 74%) and placebo co-

administered to 1 mg clonazepam (n = 68 patients, 84%),

differences in efficacy were not significant between groups

[89].

Another randomized controlled trial from the early

1980 s compared intravenous diazepam (termination rate,

76%) to lorazepam (89%), but this study was slightly

underpowered (78 patients with 81 episodes of different

clinical forms of status epilepticus, 50% other than gen-

eralized convulsive) [90].

Currently, no strong data on second-line anticonvulsants

after failure of first-line drugs are available. In the above-

mentioned Veterans Affairs Study, each arm contained a

second blinded treatment if initial anticonvulsants had

failed [2]. Both initial lorazepam and phenobarbital were

followed by intravenous phenytoin, while both phenytoin

in monotherapy and phenytoin plus diazepam were

followed by lorazepam. The four treatment combinations

did not differ in regard to efficacy.

Two randomized controlled—but unfortunately under-

powered—studies compared each two second-line intra-

venous anticonvulsants after failure of benzodiazepines.

Valproic acid (88% seizure termination) was as efficacious

as phenytoin (84%) [91] and as diazepam (56 vs 50%) [92].

A recent meta-analysis on randomized controlled trials

assessing efficacy of the intravenous second-line agents

levetiracetam versus phenytoin or levetiracetam versus

valproic acid for generalized convulsive status epilepticus

did not detect any differences, but all studies reviewed

were underpowered limiting the significance of the findings

[93].

Another meta-analysis incorporating 27 pro- and retro-

spective studies with 798 patients assessed efficacy to

terminate benzodiazepine-resistant generalized convulsive

status epilepticus of levetiracetam (68.5% success rate),

phenobarbital (73.6%), phenytoin (50.2%), and valproic

acid (75.7%) [94], there were no significant differences

between these compounds.

So far, no randomized controlled trials on intravenous

lacosamide in benzodiazepine-refractory status epilepticus

have been conducted. A recent systematic review on the

current evidence for lacosamide in status epilepticus

mostly relied on retrospective data, overall efficacy was

57% with no relevant differences between non-convulsive

and convulsive status epilepticus [95]. There was a sig-

nificant decrease in efficacy with later positioning of

lacosamide from 100 to 20%. The practical advantage of

intravenous lacosamide compared to levetiracetam is the

direct injection of the solution without further dilution.

First reports on intravenous brivaracetam in status epilep-

ticus are emerging, but patient numbers are too small to

draw any reliable conclusions [96].

The ‘‘Established Status Epilepticus Treatment Trial’’ is

a randomized, blinded, multicenter study currently com-

paring efficacy of intravenous fosphenytoin, levetiracetam,

and valproic acid in patients with benzodiazepine-refrac-

tory status epilepticus [97]. This trial started recruitment in

2015 and is expected to be completed at the end of 2019

with almost 800 patients included. If these objectives will

be achieved, high-level evidence would be available for

second-line drugs in benzodiazepine-refractory status

epilepticus.

In summary, randomized controlled trials have demon-

strated with sufficient power that 8-mg intravenous lor-

azepam (0.1 mg/kg in a patient of 80 kg body weight),

1 mg intravenous clonazepam (0.0125 mg/kg) and—in

patients without established venous access at randomiza-

tion—10 mg intramuscular midazolam (0.125 mg/kg) are

efficacious first-line treatment options for generalized

convulsive status epilepticus. Intravenous diazepam has

Pharmacotherapy for Status Epilepticus 313



only been shown to be as successful as lorazepam if

combined with phenytoin [2]. Thus, current European and

North American treatment guidelines recommend intra-

venous lorazepam as the benzodiazepine of choice for first-

line treatment in generalized convulsive status epilepticus

[98, 99]. As level of evidence for the best second-line

anticonvulsant is very low, guidelines recommend use of

one of the established available intravenous drugs such as

levetiracetam, phenytoin, or valproic acid. Unfortunately,

specific randomized controlled trials on first-line treatment

of complex focal status epilepticus so far have not been

performed, though this clinical form of status epilepticus is

the most common [100]. Thus, current guidelines extrap-

olate the treatment data from trials on generalized con-

vulsive status epilepticus and recommend intravenous

lorazepam also in complex focal status epilepticus. If

necessary, the same second-line agents as in generalized

convulsive status epilepticus are advised [98, 99].

4.3 Treatment Concepts in Refractory Status

Epilepticus

Intravenous treatment with a benzodiazepine and a second-

line anticonvulsant each in adequate doses, results in ces-

sation of clinical seizure activity in 60% of cases. If sei-

zures continue, status epilepticus is defined as being

refractory [99]. At that point, the chance for seizure ter-

mination by another non-anesthetizing anticonvulsant is

2% [2].

While evidence on efficacy of first-line anticonvulsants

is sufficient and on efficacy of second-line anticonvulsants

is weak, evidence on treatment of refractory and super-

refractory status epilepticus is almost absent. In the fol-

lowing, we summarize the available findings which are

generally derived from uncontrolled prospective studies or

retrospective case series.

4.3.1 Refractory Complex Focal Status Epilepticus

The aggressiveness of anticonvulsant treatment of complex

focal status epilepticus depends on the estimated risk for

acute complications and even more on that for clinical, i.e.

cognitive and neurological, long-term consequences. These

issues have been discussed above in Sect. 3.

As a general rule, ongoing complex focal status

epilepticus itself, i.e. beyond the underlying brain disorder,

is unlikely to cause acute complications or significant long-

term consequences. Therefore, after failure of a first-line

benzodiazepine and a second-line anticonvulsant, rapid

treatment escalation with administration of intravenous

continuous anesthetic drugs is generally not warranted.

Possible complications of treatment—such as ventilator-

associated pneumonia, arterial hypotension requiring

administration of catecholamines, immunosuppression

[101, 102]—may be more hazardous than prolonged non-

convulsive seizure activity. Independently from the clinical

form of status epilepticus and from confounders such as

seizure duration and critical medical conditions, use of

anesthetic drugs was associated with higher infection rates

and increased mortality [103].

Instead, the entire armamentarium of intravenous non-

anesthetizing anticonvulsants including brivaracetam,

lacosamide, levetiracetam, phenobarbital, phenytoin, and

valproate may be used in adequately high doses [104]. In

addition to that, proconvulsant trigger factors such as fever,

electrolyte disturbances (e.g. hyponatremia), seizure-pro-

voking drugs (e.g. penicillin, theophylline, etc.) should be

eliminated or treated themselves. For most non-anes-

thetizing anticonvulsants, there are no reliable studies

specifically reporting efficacy in refractory complex focal

status epilepticus. Rather, the reported episodes of status

epilepticus are heterogeneous in regard to clinical form and

number of anticonvulsants that had been administered prior

to the index anticonvulsant. In the following, we discuss

the published clinical data on efficacy of individual anti-

convulsants which may be administered to patients with

complex focal status epilepticus after failure of benzodi-

azepines and a second-line drug. The studies mentioned

below focus on patients with complex focal status epilep-

ticus but some of them also incorporate data on other

clinical forms.

Efficacy of intravenous levetiracetam in status epilepti-

cus is favorable, data from a meta-analysis with 10 retro-

and prospective studies (n = 234 patients) indicated sei-

zure termination in 44–94% [105]. In a randomized con-

trolled trial, valproic acid (88%) was as successful as

phenytoin (84%) to terminate seizures in benzodiazepine-

refractory status epilepticus [91]. Fosphenytoin is a water-

soluble phenytoin prodrug. This compound can be infused

at higher rates (up to 150 mg/min vs phenytoin at 50 mg/

min) and is better tolerated [106, 107]. If available, fos-

phenytoin should be preferred to phenytoin [17]. Specific

studies on phenobarbital in refractory complex focal status

epilepticus are not available. Efficacy of intravenous

lacosamide for status epilepticus was reported in multiple

studies, the two largest of which each comprised more than

50 patients. In an observational prospective study with 53

patients, intravenous lacosamide at 400 mg daily was

administered in 45% of cases as third- or fourth-line drug,

57% of patients had non-convulsive status epilepticus

[108]. EEG-proven overall seizure termination was

achieved in 57% of patients (47% seizure termination in

those with non-convulsive status epilepticus). The second

larger study with 55 patients was retrospective, 78% had

non-convulsive status epilepticus, in 58% lacosamide

(200 mg loading dose and 200 mg daily maintenance dose)
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was administered as third or later anticonvulsant [109].

Seizure termination was seen in 71%, in 49% within 24 h

of lacosamide infusion. Response to treatment was pre-

dicted by a shorter latency from status epilepticus onset to

lacosamide administration. Clinical data on brivaracetam

in status epilepticus so far are very sparse. One small ret-

rospective case series with 11 patients (7 of those with

dyscognitive/complex focal status epilepticus) from two

German centers reported cessation of seizure activity

within 24 h after brivaracetam administration in three

patients (27%) [96]. The median number of previous acute

anticonvulsants was 4 and the median duration before

initiation of brivaracetam was 5 days.

4.3.1.1 How to Treat Refractory Complex Focal Status

Epilepticus? If pharmacological management is limited

to non-anesthetizing anticonvulsants in order to avoid

significant sedation and mechanical ventilation, substances

that have not already been administered second-line after

failure of benzodiazepines should be given. There is neither

a rational for which of these drugs should be injected first

nor for the question of whether they should be administered

sequentially or some of them in parallel. This decision

should be made on the basis of each patient’s individual

condition. The available data are sufficient for levetirac-

etam, phenytoin and valproic acid, expanding for lacosa-

mide and at best preliminary for brivaracetam.

If for some reason early or later in the course of

refractory complex focal status epilepticus, use of anes-

thetics is required, then the treatment options and pathways

are the same as described in the following subchapter on

refractory generalized convulsive/subtle status epilepticus.

4.3.2 Refractory Generalized Convulsive/Subtle Status

Epilepticus

Acute complications including increased mortality and

long-term neurological and/or neuropsychological conse-

quences such as memory problems pose significant risks of

ongoing generalized convulsive status epilepticus, which

clinically evolves to subtle status epilepticus after 1–2 h

[23]. To protect the patient as efficiently as possible from

these complications and consequences, rapid treatment

escalation with use of anesthetic anticonvulsants is

urgently required after a benzodiazepine and a second-line

anticonvulsant have failed. The general aim is to terminate

clinical and EEG seizure activity, i.e. continuous EEG

recording is required and recommended in accordant

guidelines [110]. The dose of continuous infusion of the

anesthetic commonly is titrated against an EEG burst

suppression pattern which is maintained for at least 24 h

before the anesthetic is tapered [98, 99].

The three most common intravenous anesthetic anti-

convulsants are midazolam, propofol and thiopental/pen-

tobarbital. Level of evidence for optimal treatment of

refractory generalized convulsive status epilepticus with

anesthetics is low.

In a systematic review incorporating 28 studies with 193

patients, barbiturates compared to midazolam and propofol

were significantly more successful in suppressing clinical

or electrographic ongoing seizure activity [111]. This

finding should be interpreted with caution as the titration

aim of the anesthetic was ‘‘EEG background suppression’’

in 96% of patients treated with pentobarbital, in 38%

administered propofol, and in no patient who was given

midazolam. Overall mortality was approximately 50%,

with no significant difference between the anesthetic

compounds used.

The first-ever randomized trial on the use of anesthetics

in refractory status epilepticus compared efficacy and

safety of barbiturates (22% success rate) and propofol

(43%) [112]. After bolus administration, both anesthetics

had rapidly been titrated to an EEG burst suppression

pattern maintained for 36–48 h. In that study, intubation

time in survivors was significantly longer in those treated

with a barbiturate (13.5 days, median) compared to

patients treated with propofol (4 days). This difference

likely is explained by the longer elimination half-life and

thus sedating effect of highly lipophilic barbiturates. After

3 years of enrollment, only 24 patients of 150 needed—

following the power analysis—were recruited, although

multiple centers in Europe and the USA were involved.

This worthwhile attempt underlines the difficulties of

conducting randomized controlled trials on refractory sta-

tus epilepticus.

Further data on the three anesthetic compounds are

derived from retrospective or small observational studies,

relevant findings are summarized below.

A retrospective study assessed 33 episodes of refractory

status epilepticus which were treated with continuous

intravenous midazolam [113]. The mean loading dose was

0.19 mg/kg with an infusion rate at 0.22 mg/kg/h. Initially,

seizures were stopped clinically and electroencephalo-

graphically in 27 out of 33 episodes (82%), but in 56%

breakthrough seizures occurred.

Some years later, the same group from Columbia

University in New York (USA) had changed their treat-

ment regimen of refractory status epilepticus using higher

doses of midazolam with a suggested peak dose of 2.9 mg/

kg/h, eventually the median maximum infusion rate was

0.4 mg/kg/h [interquartile range (IQR) 0.2, 1.0] [114].

Comparison of this higher infusion rate to the previously

used lower dose with a suggested peak dose of 0.4 mg/kg/h

(median maximum rate of 0.2 mg/kg/h; IQR 0.1, 0.3)
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demonstrated significantly reduced seizure recurrence

within 48 h of discontinuation, and lower mortality.

Another retrospective study compared 19 patients trea-

ted with midazolam to 14 patients administered thiopental.

Efficacy to control refractory status epilepticus did not

differ between groups (63 vs 64%), but adverse events

were seen significantly more often with thiopental infusion

[115].

In a prospective observational study from Finland,

midazolam anesthesia was induced in 19 patients with a

bolus of 0.2 mg/kg followed by continuous infusion at a

starting rate of 1 lg/kg/min (i.e. 0.06 mg/kg/h) [116].

Infusion rate needed to be increased to a median of 8 lg/
kg/min (i.e. 0.48 mg/kg/h) in order to suppress clinical

status epilepticus. The study is limited by the fact that

midazolam treatment was not controlled for with continu-

ous EEG recording. Status epilepticus was terminated in all

but one patient, no patient developed pressor-requiring

arterial hypotension or other important adverse events.

In a prospective observational study, propofol anesthesia

was administered to 10 patients with a bolus of 2–3 mg/kg,

and additional boluses of 1–2 mg/kg were given until a

burst-suppression EEG pattern was achieved [117].

Thereafter, an infusion of 4 mg/kg/h was initiated; how-

ever, the maintenance of continuous burst suppression was

difficult requiring incremental doses of propofol with a

median maximum infusion rate of 9.5 mg/kg/h. The anes-

thetic was tapered after 12 h of a sufficient burst suppres-

sion pattern, status epilepticus recurred in three patients.

Propofol infusion syndrome, i.e. cardiac failure, severe

metabolic acidosis, rhabdomyolysis, and renal failure

[118], was not reported in any patient of this series. In

general, one should be cautious when propofol treatment at

a dose of more than 5 mg/kg/h [119] and for more than

48 h [120] is required. Screening patients at risk for

propofol infusion syndrome with creatine kinase, lactate

and triglycerides may be considered [121]. The key

advantage of propofol compared to thiopental was the fast

recovery from anesthesia due to short elimination half-

time, ventilator and intensive care treatment was only half

as long as in a previous similar study with thiopental [122].

In a prospective observational study, thiopental was

administered in 10 patients with an initial bolus of 5 mg/kg

and subsequent boluses of 1–2 mg/kg to achieve an EEG

burst-suppression pattern [122]. The continuous infusion

rate was initiated at 5 mg/kg/h and had to be increased to a

median of 7 mg/kg/h to maintain the burst-suppression

pattern. No patients had a recurrence of epileptic seizure

activity following tapering of thiopental after 12 h burst

suppression. Decreased arterial pressure required cate-

cholamines in 4 of the 10 patients. Nine patients were

treated with antibiotics due to infection indicating the

immunosuppressive risk of continuous high-dose

thiopental anesthesia. Immunosuppression may put venti-

lated patients at significant risk of developing pneumonia

and even sepsis [101, 102].

4.3.2.1 How to Treat Refractory Generalized Convulsive

Status Epilepticus? This condition is potentially life

threatening, therefore continuous intravenous anesthetics

have to be administered after failure of a first-line benzo-

diazepine and a second-line non-anesthetizing anticonvul-

sant. The drugs of choice are midazolam, propofol, and

thiopental/pentobarbital. However, the available data do

not allow to favor one of those compounds, a recent

Cochrane analysis called for an adequately powered ran-

domized controlled trial [123].

By March 2013, an online multinational registry had

been established in which neurologists or intensivists were

asked to enter data of consecutive patients with refractory

status epilepticus. An interim analysis published in 2015

reported that 488 cases from 44 different countries had

been collected [124]. Most of the patients had no history of

epilepsy and etiology was unknown. Interestingly, the most

widely used anesthetic was midazolam (59%), followed by

propofol (32%) and barbiturates (8%). Status epilepticus

was terminated in 74% of cases, but in most patients more

than one anesthetic had to be administered to achieve this

goal.

In summary, the anesthetics midazolam, propofol and

thiopental/pentobarbital seem to exhibit some anti-seizure

effect in refractory generalized convulsive status epilepti-

cus and should be administered in this condition. It is

unclear which of those drugs is best to start with and if

combinations of these anesthetics make sense. Randomized

controlled trials comparing efficacy of these compounds

are urgently needed but obviously very difficult to conduct.

Among other explanations, this may be due to the hetero-

geneity of status epilepticus in regard to etiology, severity

and patients’ age.

4.4 Super-Refractory Status Epilepticus

If seizures continue or recur after treatment with anes-

thetics titrated against an EEG burst-suppression pattern

for more than 24 h, status epilepticus nowadays is termed

‘‘super-refractory’’ [20]. Prior to that, the term ‘malignant

status epilepticus’ had been coined [5]. In the following,

treatment options after failure of the anesthetics midazo-

lam, propofol and/or thiopental/pentobarbital are reported,

all of which have a very low level of evidence or are just

anecdotal.
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4.4.1 Pharmacological Treatments

4.4.1.1 Barbiturates Even after failure of anesthetics,

high-dose barbiturates may be efficacious to terminate—

then super-refractory—status epilepticus.

A retrospective study identified 31 out of 147 patients

with refractory status epilepticus to fulfill the criteria of

super-refractory status epilepticus [6]. Patients with super-

refractory status epilepticus were significantly younger and

significantly more often had encephalitis as an etiological

underlying condition compared to those with status

epilepticus responding to anesthetics. Interestingly, these

variables exactly confirm those we had identified previ-

ously in our study delineating malignant or super-refrac-

tory status epilepticus [5]. Only eight out of these 31

patients (26%) had a history of epilepsy. Twenty-nine

patients had midazolam as first anesthetic, 13 of whom

were then administered propofol; two had propofol as first

anesthetic. Median duration of status epilepticus was

6.5 days prior to initiating continuous infusion of pento-

barbital. A maintenance dose of 0.5 to 1.7 mg/kg/h was

sufficient to maintain an EEG burst-suppression pattern in

two-thirds of patients, but rate increases of up to

2.0–3.7 mg/kg/h were necessary for the other one-third.

After pentobarbital infusion for a median of 6 days, status

epilepticus was successfully terminated in 90% of patients.

On tapering pentobarbital, withdrawal seizures were

observed in 15 out of 31 patients, controlled by intravenous

phenobarbital in 12 patients (80%). Adverse events inclu-

ded ventilator-associated pneumonia (32%), hypotension

requiring pressors (32%), urinary tract infection (13%),

deep venous thrombosis (10%), and ileus (10%).

Another small retrospective series reported 10 patients

with super-refractory status epilepticus in all cases, pre-

sumably caused by encephalitis [125]. The patients were

treated with continuous intravenous phenobarbital at high

doses between 0.75 and 4 mg/kg/h, maximal serum con-

centrations were between 80 and 350 mg/L (median

152 mg/L). After 25 days, this regimen was initially suc-

cessful in eight patients, five had favorable outcome, two

had withdrawal seizures on tapering, and one died of septic

shock during phenobarbital treatment. In the other two

patients, high-dose phenobarbital did not have any anti-

seizure effect and other compounds had to be introduced.

Systemic infection occurred in all 10 patients, including

pneumonia (5), urinary tract infection (4), fungal infection

(2), and venous line infection (2), either alone or in com-

bination. Three patients had sepsis after fungal infection or

bacterial pneumonia. Seven patients developed pressor-

requiring arterial hypotension, and four had ileus.

In summary, both intravenous pentobarbital and high-

dose phenobarbital administered for days or weeks have

been shown to exhibit some potential to terminate seizure

activity in super-refractory status epilepticus after other

anesthetics such as midazolam and propofol had failed. The

risks include immunosuppressive adverse effects which

facilitate systemic infections or even sepsis.

4.4.1.2 Ketamine Three retrospective studies report more

than 150 patients with difficult-to-treat status epilepticus

who were administered ketamine (details are given in

Table 1). In patients without anoxic encephalopathy

(n = 135), super-refractory status epilepticus was termi-

nated in 15 out of 53 patients (28.3%) [126], in 18 out of 28

patients (64.3%) [127], and in 52 out of 54 patients (96.3%)

[128]. In the latter study, excellent response rates may be

explained by co-administration of propofol in all patients.

When this study is not considered, efficacy rate of keta-

mine in super-refractory status epilepticus in the two other

studies is still 40.3% (33 out of 81 patients with non-anoxic

etiology) [126, 127]. One of the clinical advantages of

ketamine is the lack of cardiorespiratory depression [129].

In summary, among all anesthetic anticonvulsants

available, ketamine has a unique mechanism of action that

becomes more relevant with ongoing seizure activity due to

increased externalization of post-synaptic NMDA recep-

tors. In super-refractory status epilepticus, ketamine should

be co-administered to GABAergic compounds, the latter

are needed to counteract possible neurotoxic effects of the

NMDA receptor antagonist.

4.4.1.3 Inhalational Anesthetics In seven patients with

super-refractory status epilepticus, the inhaled substances

isoflurane and desflurane in end-tidal concentrations of

1.2–5% resulted in an EEG burst-suppression pattern and

thus terminated seizure activity within minutes [130]. The

inhalational anesthetics had been administered for more

than 10 days.

Another small retrospective study assessed efficacy and

safety of isoflurane which was administered to con-

trol status epilepticus on 11 occasions in nine patients

[131]. The volatile anesthetic was administered for 1–55 h,

titration towards a burst-suppression pattern on EEG ter-

minated seizures in all patients. In all patients, arterial

hypotension occurred requiring blood pressure support

with intravenous fluids and/or pressor infusions. Upon

tapering of isoflurane, seizure activity recurred in 8 out of

11 episodes.

In a systematic literature review including the two

studies mentioned above, 28 adult patients treated with

inhalational anesthetics for super-refractory status epilep-

ticus were identified [132]. Seizure control was reached in

all but two patients (93%). In most cases, isoflurane was

administered. Arterial hypotension was the only compli-

cation reported.
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In summary, volatile anesthetics seem to have the

capacity to suppress seizure activity in super-refractory

status epilepticus, but with tapering, seizure recurrence

may become a problem. Given the technical difficulties

concerning prolonged treatment with volatile drugs and the

sparse clinical experience, isoflurane may be administered

in selected cases only. In this field, further data are needed.

4.4.1.4 Non-intravenous Anticonvulsant Drugs A num-

ber of ‘‘classical’’ anticonvulsant drugs which are not

available in intravenous formulations have been reported

for administration in super-refractory status epilepticus. In

general, these are case reports or very small retrospective

case series. Beyond the limitation of reporting bias, the

possibility of spontaneous cessation of seizure activity and

the effects of co-administered intravenous anticonvulsants

have to be considered.

Perampanel is an antagonist at the alpha-amino-3-hy-

droxy-5-methyl-4-isoxazole-propionic acid (AMPA)

receptor. Its anticonvulsant efficacy for status epilepticus

has been assessed in the lithium-pilocarpine model [133].

Perampanel at a dose of 8 mg/kg terminated seizures in 6

out of 6 rats after both 10 and 30 min of status epilepticus.

Co-administration of diazepam at 5 mg/kg allowed to

reduce the dose of perampanel to 1 mg/kg in order to

terminate seizure activity in a set of 9 out of 9 rats after

30 min of status epilepticus. These experimental data

indicate the supporting therapeutic potential of perampanel

and its synergy if co-administered to a benzodiazepine in

difficult-to-treat status epilepticus. Two retrospective

studies reported 22 episodes of at least refractory status

epilepticus treated with perampanel. In an Austrian series,

12 patients received perampanel administered per naso-

gastric tube [134]. Perampanel was deployed after failure

of a median of four other anticonvulsants and after a

median of 1.5 days. Only 2 of 12 patients had some kind of

clinical and EEG improvement after 48–60 h. The median

initial dose was 4 mg which was titrated up to a median of

12 mg. No relevant adverse effects were reported. In the

second study from Germany, 10 episodes with perampanel

for difficult-to-treat status epilepticus were reported [135].

This anticonvulsant was administered after failure of a

mean of five previous drugs. Most patients received a dose

of 6 mg per day, termination of seizure activity was

observed in 4 of 10 episodes.

In a systematic review on topiramate with individual

patient data analysis, 35 patients from 4 studies were

identified, only 6 of which had super-refractory status

epilepticus [136]. In five of those six patients, topiramate

Table 1 Ketamine in refractory and super-refractory status epilepticus

Gaspard et al. [126] Höfler et al. [127] Sabharwal et al. [128]

Study design Retrospective, multicenter Retrospective, monocenter Retrospective, monocenter

Time data acquisition 1999–2012 2011–2015 2012–2015

Patients, n 60 42 67

Female, n (%) 30 (50) 14 (33) 49 (73)

Median age, years 24 67 62

Adults, n (%) 48 (80) Not indicated Yes, numbers not

indicated

Super-refractory status epilepticus,

n (%)

Not indicated, but likely all 39 (93) 67 (100)

Prior duration status epilepticus 9 days (median) 3 days (median) Not indicated

Prior number of anticonvulsants, n Not indicated 3 Not indicated

Infusion rate, mg/kg/h Maximal 2.55 (median)

Median 2.39 (median)

Maximal 10

Median 2.75

Minimal 1.5

Maximal 10.5

Co-administration anesthetics n = 1 (median) Propofol 25 patients

(59.5%)

Propofol all (100%)

Response non-anoxic patients, n (%) 15/53 (28.3)a 18/28 (64.3) 52/54 (96.3)

Duration ketamine, days 0.25–27 (range) 4 (median) 1–9 (range)

6 (mean)

Adverse events 21/52 (40.4%) vasopressors, dose

increase

None reported 53/67 (79%) vasopressors

N number
a3/53 (5.7%) likely response, 12/53 (22.6%) possible response
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was administered as the last anticonvulsant, seizure activity

was terminated in four cases.

Oxcarbazepine was identified for treatment of difficult-

to-treat status epilepticus in 13 patients [137]. This anti-

convulsant was initiated as third or later agent in almost all

patients after a median latency of 81 h, the median maxi-

mum daily dose was 1.800 mg. Oxcarbazepine was the last

drug before termination of seizure activity in 8 out of 13

patients. In three patients, relevant hyponatremia

(\125 mmol/L) was reported.

The efficacy of oral pregabalin administration was

reported in one retrospective study [138]. Most patients had

focal status epilepticus, and 450 mg pregabalin terminated

seizure activity in 5 of 11 patients, in another 3, this

compound had a possible response; no adverse events were

reported.

No reliable clinical reports were found for carba-

mazepine, eslicarbazepine acetate, lamotrigine, and zon-

isamide. In a model of secondarily generalized

convulsive status epilepticus in rats (cortical cobalt lesions

induced by administration of homocysteine thiolactone),

the efficacy of lamotrigine had been compared to that of

phenytoin [139]. Phenytoin controlled generalized tonic-

clonic seizures with a median dose of 100.5 mg/kg

(16.0 mg/L in serum), but lamotrigine was ineffective at

doses ranging from 10 to 100 mg/kg, with serum drug

concentrations between 2.5 and 43.5 mg/L.

In summary, non-intravenous anticonvulsants may be

used as adjunct in in super-refractory status epilepticus but

level of evidence for efficacy is very low.

4.4.1.5 Immunomodulation Two retrospective studies

have analyzed clinical variables independently associated

with super-refractory status epilepticus compared to

refractory status epilepticus responding to anesthetic anti-

convulsants [5, 6]. Interestingly, both studies identified the

same predictors, younger age and encephalitis as etiology.

At the beginning of this century, such cases of encephalitis

were thought to be of viral origin without proof for a

biological agent or of unknown cause at all [5]. Later, it

became evident that encephalitis underlying exactly these

cases of super-refractory status epilepticus was associated

and likely caused by anti-NMDA receptor antibodies [140].

In a retrospective European multicenter survey, 7 centers

provided detailed data on 13 adult patients with antibody-

mediated status epilepticus [141]. All but one patient were

female, age at onset was at a median of 25 years with wide

range (17–69 years). The duration of the disease was also

highly variable (2 h to 12 years, median: 2 months). Eight

out of 13 patients were diagnosed with anti-NMDA

receptor encephalitis. Interestingly, no specific treatment

regimen—either anticonvulsant or immunomodulatory—

was found to be clearly superior. Three elderly patients had

died, but the other patients recovered almost completely

within the following 2 years. A retrospective review of

patients with new-onset refractory status epilepticus

revealed that autoimmune encephalitis is the most com-

monly identified cause [142].

The immunomodulatory treatment in autoimmune-me-

diated status epilepticus conforms to that of antibody-me-

diated encephalitis. This comprehensive topic is beyond the

scope of this review article, we refer to accordant publi-

cations [143].

4.4.1.6 Perspectives In the last years or even decades,

there has been little but at least some progress in the

development of novel treatment approaches in status

epilepticus in general and in refractory and super-refractory

status epilepticus in particular. An emerging concept may

be the co-administration of substances that enhance effi-

cacy of well-known substances.

The loop diuretic bumetanide is an inhibitor of the Cl-

intruding Na?–K?–Cl--cotransporter NKCC1, which

reduces intraneuronal Cl-. In three experimental models of

status epilepticus, the kainate and the lithium-pilocarpine

model as well as model of sustained electrical stimulation

of the basolateral amygdala, bumetanide was ineffective to

terminate seizure activity [144]. But bumetanide potenti-

ated the anticonvulsant effect of low doses of phenobar-

bital. However, higher doses of phenobarbital, particularly

in combination with diazepam, were more effective to

terminate seizure activity than co-administration of

bumetanide and phenobarbital. Clinical data confirm these

negative experimental findings. An open-label, dose find-

ing, and feasibility Phase 1/2 trial on newborn babies with

severe seizures due to hypoxic ischemic encephalopathy

demonstrated that bumetanide at four different doses was

not more efficient than phenobarbital [145]. In addition,

bumetanide increased the risk of hearing loss.

Specific neurosteroids have the capacity to allosterically

modulate activity of GABAA receptors via distinct binding

sites on this receptor [146]. Allopregnanolone, which is a

natural metabolite of progesterone, allosterically enhances

currents at GABAA receptors [147]. In a multicenter, Phase

1/2 study in patients with super-refractory status epilepti-

cus, safety and tolerability of brexanolone (which is

another name for allopregnanolone) was assessed [148]. A

secondary objective was open-label evaluation of efficacy

of brexanolone during and after weaning of the anesthetic

anticonvulsant administrated as third-line agent. After 48 h

of brexanolone infusion, anesthetic anticonvulsants were

withdrawn while brexanolone was continued. In this pilot

study, 25 patients were administered brexanolone. No

serious adverse events occurred that could have been

attributed to the study drug. In 22 patients, the anesthetic

anticonvulsants were tapered, and in 16 of these patients
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(73%), seizure activity did not recur within 5 days of

weaning the anesthetic anticonvulsant. These preliminary

data indicated that allopregnanolone/brexanolone seems to

be a promising compound in super-refractory status

epilepticus. However, a randomized, double-blind, pla-

cebo-controlled Phase 3 study did not meet the primary

endpoint, i.e. success in weaning of third-line anesthetic

agents and remaining free of status epilepticus with brex-

anolone versus placebo (43.9 vs 42.4%; p = 0.8775) when

added to standard-of-care [149]. In summary, the neuros-

teroid brexanolone did not prove to be efficient in super-

refractory status epilepticus after failure of GABAergic

anesthetic anticonvulsants when compared to placebo.

4.4.2 Non-pharmacological Treatment Approaches

Though slightly beyond the scope of this review article,

some non-pharmacological treatment approaches in super-

refractory status epilepticus are summarized below. Again,

data are mostly obtained from small case series with low

levels of evidence.

4.4.2.1 Ketogenic Diet Ketogenic diet is a strict low-carb

diet that results in elevated free fatty acids, these lead to

production of ketone bodies and increased concentrations

of polyunsaturated fatty acids in the brain [150]. The exact

mechanisms of action for the anticonvulsant properties of

ketogenic diet are elusive, it likely works through multiple

mechanisms. Eventually, neurons are hyperpolarized by

keton bodies and thus neuronal excitability is decreased

[151].

In 1925, the first larger study on 37 patients with epi-

lepsy assessed efficacy of ketogenic diet, 19 patients (51%)

were seizure-free after a follow-up of 4–12 months [152].

In a rodent model of pilocarpine-induced status epilep-

ticus, pretreatment with ketogenic diet resulted in a delayed

onset of continuous seizure activity [153]. The effect of

ketogenic diet administered in experimental animals with

established status epilepticus has not been assessed so far.

A retrospective case series on ketogenic diet in patients

with super-refractory status epilepticus identified 10 adult

patients from 4 centers [154]. In 7 of the 10 patients,

encephalitis was the underlying etiology confirming the

previously reported strong link between encephalitis and

super-refractory status epilepticus [5, 6]. Status epilepticus

had lasted a median of 21.5 days, before ketogenic diet was

started. Nine out of 10 patients achieved ketosis, in all

those patients, seizure activity was stopped after a median

of 3 days. Three patients had transient acidosis and

hypertriglyceridemia, but no other adverse events were

reported.

These promising findings have led to conduct a multi-

center Phase 1/2 study on ketogenic diet for adult patients

with super-refractory status epilepticus [155]. Fifteen

patients were administered classic ketogenic diet via gas-

trostomy tube. Median duration of status epilepticus before

ketogenic was initiated was 10 days, all patients were in

ketosis after a median of 2 days. In 11 of 14 patients who

completed treatment with ketogenic diet, super-refractory

status epilepticus resolved (79%). Reported adverse events

comprised metabolic acidosis, hyperlipidemia, constipa-

tion, hypoglycemia, hyponatremia, and weight loss.

In summary, administration of ketogenic diet is feasible

and seems safe in super-refractory status epilepticus, data

from a retrospective study and from a prospective Phase

1/2 trial point to favorable efficacy. A randomized, pla-

cebo-controlled trial is warranted.

4.4.2.2 Hypothermia The anticonvulsant effect of

decreased body temperature may be explained by multiple

mechanisms including presynaptic alterations with marked

reduction of excitatory transmitter release [156, 157],

alteration of postsynaptic voltage-gated channels [158],

and disturbances of membrane properties and ion pumps

[159].

In experimental models of status epilepticus, hypother-

mia has been shown to have anticonvulsant properties. In

rodents with status epilepticus induced by kainic acid,

lowering body temperature to 28 �C stopped seizures in

half of the animals, body temperature of 23 �C terminated

seizure activity in all animals [160]. In the model system of

SSSE after perforant path stimulation, cooling to 29 �C
body temperature significantly reduced the number and

severity of motor seizures but did not alter electrographic

seizure activity [161]. With rewarming, motor seizure

recurred. Using the same model, 10 rats were cooled down

to 20 �C, in four of those rats, seizures were completely

suppressed and did not recur with warming [162].

A systematic review identified 13 studies with 40

patients with difficult-to-treat status epilepticus who

underwent hypothermia. In general, the target body tem-

perature was 33 �C, which was sustained for a median of

48 h. Seizure termination was reported in 25 of 40 patients

(62.5%) [163]. This surprisingly favorable result may be

limited by some reporting bias. Frequent adverse events

were deep venous thrombosis, coagulopathy and infections.

In a randomized controlled trial, 268 patients with

generalized convulsive status epilepticus either were

cooled down to 33 �C for 24 h followed by another 24 h of

rewarming in addition to standard treatment or they

received standard treatment alone [164]. The primary

outcome was absence of functional impairment after

90 min, but the study did not demonstrate differences

between groups. One of the secondary outcomes was pro-

gression to EEG-confirmed status epilepticus, this was seen

significantly less often with hypothermia than without.
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Rate of progression to refractory and super-refractory sta-

tus epilepticus was not influenced by hypothermia. This

trial demonstrated some anticonvulsant effects of cooling,

but the data refer to early phases of status epilepticus and

cannot be translated to super-refractory status epilepticus.

In summary, there are some hints for anticonvulsant

effects of hypothermia but specific data on super-refractory

status epilepticus are currently not available.

4.4.2.3 Epilepsy Surgery In patients with intractable fo-

cal epilepsy, resective epilepsy surgery aims to completely

remove the epileptogenic zone and to render the patient

seizure-free. If pharmacoresistant super-refractory status

epilepticus can be attributed to a circumscribed brain

region, resection of this structure may terminate ongoing

seizure activity.

The largest cohort of adult patients with super-refractory

status epilepticus who underwent epilepsy surgery reported

nine individuals [165]. Resections were performed after

10–54 days of status epilepticus and were guided by

electrocorticography. Five out of eight survived patients

were seizure-free after epilepsy surgery.

In addition to this series, there are some case reports on

epilepsy surgery in difficult-to-treat status epilepticus.

In summary, the decision to perform epilepsy surgery in

super-refractory status epilepticus is highly individualized.

If the seizure focus can be identified and is remote from

eloquent brain structures, resection may be considered as

ultima ratio.

4.4.3 How to Treat Super-Refractory Status Epilepticus?

When status epilepticus does not respond to the intra-

venous GABAergic anesthetic anticonvulsants midazolam,

propofol, or thiopental/pentobarbital and is thus defined as

super-refractory, treatment becomes even more

challenging.

The most promising compound is the NMDA-receptor

antagonist ketamine while the GABAA receptor modulator

allopregnanolone/brexanolone so far has failed to prove

efficacy. For the estimate of the efficacy of ketamine, only

retrospective data are available, and prospective studies are

urgently required.

On the non-pharmacological side, ketogenic diet also

seems to be promising, retro- and prospective data indicate

strong efficacy if ketosis is achieved. Hypothermia seems

to work in animal models, but so far, no clinical data have

demonstrated efficacy.

All other pharmacological and non-pharmacological

treatment approaches may be applied individually on a trial

and error basis.

5 Conclusion

Evidence for pharmacological treatment of refractory and

super-refractory status epilepticus is very low. It is unclear

what is the optimal non-anesthetizing anticonvulsant in

complex focal status epilepticus and what is the optimal

anesthetic anticonvulsant in generalized convulsive status

epilepticus. If status epilepticus becomes super-refractory,

further treatment is even more unclear. Promising

approaches are the NMDA-receptor antagonist ketamine,

and, on the non-pharmacological side, ketogenic diet.

Randomized controlled trials for treatment of refractory

and super-refractory status epilepticus are desirable, but

difficult to conduct; at first, large, multicenter registries

would be an acceptable alternative.
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