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Abstract: The diagnosis and management of seizures in the critically ill patient can sometimes present
a unique challenge for practitioners due to lack of exposure and complex patient comorbidities.
The reported incidence varies between 8% and 34% of critically ill patients, with many patients
often showing no overt clinical signs of seizures. Outcomes in patients with unidentified seizure
activity tend to be poor, and mortality significantly increases in those who have seizure activity
longer than 30 min. Prompt diagnosis and provision of medical therapy are crucial in order to
attain successful seizure termination and prevent poor outcomes. In this article, we review the
epidemiology and pathophysiology of seizures in the critically ill, various seizure monitoring
modalities, and recommended medical therapy.

Keywords: neurocritical care; critical care; seizures; status epilepticus; electroencephalography;
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1. Introduction

Seizures and status epilepticus (SE) have a large clinical and economic impact on the care of
critically ill patients worldwide as they are often associated with complicated and lengthy hospital
and intensive care unit (ICU) stays [1]. Neurocritical care (NCC) is a rapidly growing specialty that
specializes in the care of critically ill patients presenting with primary neurological injuries [2]. For these
patients, the involvement of expert NCC clinicians has led to significantly better patient outcomes.
Some of the most notable NCC specialty areas include seizures and SE, ischemic and hemorrhagic stroke,
and traumatic brain injury (TBI). Although seizures are not always the initial injury, critically ill patients
may develop a secondary neurological deterioration due to ongoing intracranial pathophysiologic
changes and central nervous system (CNS) insults, leading to subsequent seizures or SE. The most
common secondary injuries are brain tissue hypoperfusion, brain tissue hypoxia, and excitotoxic
damage due to recurrent seizures [3]. This article will focus on the epidemiology and pathophysiology
of seizures in critically ill patients, as well as how monitoring and therapeutic strategies can aid in
diagnosing and treating primary and secondary seizures and SE in this challenging population.

2. Epidemiology

The published incidence of seizures in critically ill patients is highly variable but has been reported
to range from 8% to 34% based on continuous electroencephalography (EEG) monitoring studies
published from 1994 to 2011 [4]. The most common comorbidities and conditions associated with
seizure in critical illness include a pre-existing history of epilepsy, direct CNS insults, metabolic
derangements, and drug withdrawal or intoxication [4,5] (Table 1). Of the many potential CNS insults,
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those most frequently associated with seizures are CNS infection, stroke, brain tumor, and neurosurgical
procedures [4,5]. In critically ill patients with seizures, SE must always be considered and even
anticipated. This is especially true in comatose patients and those without return to baseline or with
waxing/waning mentation. The likelihood of capturing seizure on continuous EEG is highest in younger
patients, those with pre-existing epilepsy, prior neurosurgical procedure, and convulsion or comatose
state prior to the start of continuous EEG monitoring [5]. Of seizures captured in one study, 34% were
nonconvulsive seizures (NCSz), and of these, 76% were nonconvulsive status epilepticus (NCSE) [5].

Table 1. Neurological conditions associated with seizures and status epilepticus in critically Il
patients [4-9].

Condition
Pre-existing epilepsy Traumatic brain injury
Central nervous system infection Ischemic stroke
Brain tumor Hypoxic ischemic encephalopathy
Neurosurgical procedure Altered mental status
Intracerebral hemorrhage Drug toxicity/withdrawal
Subarachnoid hemorrhage Toxic metabolic encephalopathy
Subdural hemorrhage Congenital

SE is defined as 5 or more minutes of continuous clinical and/or electrographic seizure activity,
or recurrent seizure activity without recovery between seizures. Patients who do not respond to
standard treatment regimens for SE (i.e., benzodiazepine and an anticonvulsant drug) are considered
to be in refractory SE (RSE). Cases where SE continues for 24 h or more after the initiation of anesthetic
therapy, including those where SE recurs during reduction or withdrawal of anesthesia, are considered
to be in super-refractory SE (SRSE) [10,11]. The annual incidence of SE in the United States (US) and
worldwide is 100,000 to 152,000 and 1.2 to 5 million, respectively [12]. Young, African American
males appear to have a higher incidence of SE but lower associated mortality [6]. In a multicenter
cohort by Shin et al., SE was most commonly associated with cerebrovascular disease, substance
use, and CNS inflammation [7]. CNS inflammation was due to infection, autoimmune encephalitis,
or cryptogenic [7]. Of these, cryptogenic CNS inflammation leading to SE was most challenging
to treat and considered an independent risk factor for SRSE [7]. In the US, the most common
comorbidities associated with SE are consistent with those associated with seizures in critically ill
patients, with the inclusion of cerebral anoxia and congenital disorders [6]. If the workup for these
conditions is negative, there should be high suspicion for cryptogenic new-onset refractory status
epilepticus (NORSE) and autoimmune/paraneoplastic syndromes. Liu et al. found that in patients with
anti-N-methyl-p-aspartate receptor (NMDAR) encephalitis, 80.7% had seizure during the acute phase of
the disease [13]. Fifty percent of those with seizure developed SE, with 25% of these being refractory to
initial treatment requiring multiple anticonvulsants plus anesthetic agents (midazolam/propofol) [13].
Over one-third of the refractory cases were termed SRSE due to inability to withdraw or reduce
anesthetic agents and resulted in patient death [13].

Neurological injuries or secondary neurological injuries from other disease states can also lead
to SE (Table 1). In cardiac arrest patients, the major cause of death is hypoxic ischemic brain injury
sustained during the arrest [14]. However, a high proportion of the patients that obtain return of
spontaneous circulation go on to develop seizures or SE post-resuscitation [15]. It is not known if SE
contributes to poor outcomes after cardiac arrest or if it is a consequence of the severe brain injury,
and overall EEG monitoring is currently of unclear benefit in regard to patient outcomes [16].

3. Pathophysiology

Seizure results from abnormally excessive, neuronal activity as a consequence of the disrupted
balance between neuronal excitation and inhibition [17]. What leads to disruption of this balance is
not always known. Fairly recognized culprits involve breakdown of the blood-brain barrier (BBB)
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and profound metabolic or electrolyte imbalance (i.e., hypoglycemia, hyponatremia/hypernatremia).
Given that CNS infection, brain tumor, and cerebral hypoxia/ischemia are among the most common
comorbidities associated with seizures in critically ill patients, it can be postulated that cerebral
inflammation is at least a secondary if not direct cause of disrupted neuronal activity. Further, it has
been found that cerebral inflammation is directly epileptogenic, serving to precipitate and prolong
seizures [18]. There is also the question of whether peripheral inflammation in and of itself can lower
seizure threshold. Experimental studies have revealed the ability of the CNS to mirror the peripheral
immune response to inflammation and trigger a pro-inflammatory signaling cascade resulting in
increased epileptogenicity [19,20]. Given that critical illness coincides with an increased inflammatory
state, these individuals are at increased risk of seizure for the sole fact that they are acutely ill.

Tumor necrosis factor alpha (TNF-«) is a pro-inflammatory cytokine released by activated
microglia in response to infection, neurological disease, or tissue damage, and has been found to
increase the permeability of the BBB when studied during in vivo experimentation [21,22]. In a study
comparing serum levels of TNF-« and interleukin 4 (IL-4) in patients with febrile seizures versus
controls (febrile patients without seizure or history of febrile seizures), it was found that both TNF-o
and IL-4 concentrations were significantly higher in patients with febrile seizures [23]. The fact that
both cytokines were elevated in the febrile seizure patients seems somewhat contradictory, as IL-4 is
anti-inflammatory [24]. However, it is hypothesized that upregulation of defense cytokines, such as
IL-4, as concentrations of pro-inflammatory cytokines rise, is a part of the pathogenicity of seizure [23].
Additionally, it is difficult to refute the crucial role inflammation plays in epileptogenesis given
that Rasmussen encephalitis involves persistent cerebral inflammation and intractable seizures [25].
In a pilot study evaluating the effectiveness of adalimumab (anti-TNF-« antibody) in treating
Rasmussen encephalitis, a reduction in seizure frequency was noted in patients taking the drug [26].
An experimental study by Riazi et al. was also able to demonstrate the anti-epileptic effect of
anti-inflammatory therapy during inflammatory disease [19]. In this study, it was found that rats with
induced colonic inflammation were more likely to seize and were also found to have hippocampal
tissue with a significantly higher amount of activated microglial cells than controls [19]. Additionally,
administration of minocycline resulted in a decrease in this hippocampal excitability despite having no
significant effect on colonic inflammation [19]. Ultimately, whether peripheral or central, inflammation
can alter CNS excitability leading to reduced seizure thresholds.

When evaluating for causes of seizure in critically ill patients, it remains crucial to thoroughly
review common reversible causes, such as medication withdrawal, medication-induced seizures,
substance abuse, and metabolic derangements. Metabolic derangements (hypoglycemia, uremia,
alterations in serum osmolality, electrolyte imbalance) are frequently encountered in the critical care
setting [27]. Electrolyte balance is critical because it directly affects the ionic gradient across neuronal
cells, which, in turn, directly affects cellular excitability. The electrolyte abnormalities most frequently
resulting in seizures include hyponatremia, hypernatremia, hypocalcemia, and hypomagnesemia [28].
Performing due diligence in obtaining an accurate home medication list is critical to ensure that
medications that can potentiate seizure if withheld are continued if no contraindications exist. Though
abrupt withdrawal of anticonvulsants, benzodiazepines, and barbiturates is an obvious cause of
seizure, withdrawal of other medications such as baclofen, opiate analgesics, and sedative/hypnotics
(e.g., zolpidem) has also been implicated in increasing seizure susceptibility [17]. Introduction of new
medications should also be considered as a possible culprit, as there are many medications believed to
lower seizure threshold (Table 2).
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Table 2. Common medications that may lower seizure threshold [29-31].

Medication Class Select Medications

Carbapenems (imipenem, meropenem), cephalosporins (cefepime),
fluoroquinolones (levofloxacin), macrolides (erythromycin), penicillins,

Antimicrobials isoniazid, linezolid, metronidazole, amphotericin, fluconazole,
mefloquine, chloroquine, pyrimethamine, acyclovir, ganciclovir,
foscarnet
. Alfentanyl, codeine, fentanyl, meperidine, morphine, NSAIDs,
Analgesics .
pentazocine, tramadol
Antihistamines Cyproheptadine, promethazine
Antiasthmatics Albuterol, aminophylline, theophylline, terbutaline
. . Alkylating agents (busulfan, carmustine, chlorambucil), Platinum
Antineoplastics . . . . . o
analogs (cisplatin), cytarabine, methotrexate, vinblastine, vincristine
Anesthetics Bupivacaine, etomidate, lidocaine, meplvacalne, methohexital, procaine,
tetracaine
Antipsychotics Clozapine, halopgrlqol, ht}}mm,. olanzz.1p1r1.e, risperidone,
phenothiazines, pimozide, thiothixene
Antidepressants Bupropion, TCAs, SSRIs, MAOIs, doxepin, trazodone, venlafaxine
Antiarrhythmics Digoxin, flecainide
Alpha/beta agonists/antagonists Ephedrine, esmolol, propranolol
ImMmUnosUbpressants Cyclosporine, hydrocortisone, INF-&, methylprednisolone,
pp Muromonab-CD3, sulfasalazine, tacrolimus
Stimulants Dextroamphetamine, methylphenidate
Other Atropine, baclofen, bromocriptine, desmopressin, flumazenil, levodopa,

metrizamide, cyclosporine, oxytocin, sumatriptan

NSAID—Nonsteroidal anti-inflammatory drug; TCA—tricyclic antidepressants; SSRIs—serotonin reuptake
inhibitors; MAOIs—monoamine oxidase inhibitors; INF-x—interferon alpha.

Due to the varied causes of seizure in critically ill patients, thorough investigation should be
implemented in each case. This involves correction of any metabolic disturbances, extensive medication
and medication history review, and toxicology screening. If no immediate reversal cause is identified,
further neuroimaging and likely CSF studies would be warranted. Lastly, aggressive treatment of
acute illness should not be discounted given that an acute inflammatory state in and of itself can lower
seizure threshold.

4. Monitoring

Many different seizure monitoring devices have been increasingly utilized in the critical care
setting; however, there is a paucity of literature providing guidance on when to use which modality.
Continuous EEG monitoring has shown a significant increase in utilization in the NCC setting [32].
This is especially important in patients with unexplained altered mental status and histories of epileptic
and non-epileptic seizures, as a significant amount of nonconvulsive seizures have been detected in
critically ill patients [5,33,34]. Recent investigations have shown that a traditional scalp EEG recording
may not be sufficient to appropriately diagnose seizures in the critically ill and may be missing other
causes of neurological deterioration in this population of patients [35]. Many clinicians have increased
monitoring to aid the understanding of brain physiology in real time. This allows for early detection of
physiologic and electrochemical disturbances that can be promptly treated to salvage viable tissue at
risk of secondary injury. This is clinically important as NCSz and NCSE are associated with higher
morbidity and mortality [36].
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Seizure monitoring modalities have been rapidly improving and are now employing both
extracranial and intracranial systems. The benefits of using an extracranial system are lack of invasive
procedures, ease of application, and prompt monitoring. The move from routine EEGs to continuous
EEGs was noted as conventional EEGs found seizures in 11% of critically ill patients, while prolonged
monitoring found seizures in 27% [37]. This was most prevalent in the first 24 h of admission, but
longer recordings may be required in comatose patients, or those with abnormalities noted on EEG.
Recently, there has been a significant increase in the utilization of continuous EEG and could be
viewed as a requirement in newly admitted critically ill patients with altered mental status as well as
epileptic seizures [4]. Prolonged EEG recordings will initially be targeted to show slowing, cortical
depression, periodic discharges, or epileptic seizures. This is often a qualitative target which requires
the expertise of an experienced reader of EEGs and is a useful adjunct in patients who are not improving
as expected clinically [35].

Additional information obtained via quantitative EEG (QEEG) methodology using scalp electrodes
may also be beneficial. Real-time qEEG is a computerized analysis of the digitized EEG, which allows
a modified brain mapping to be interpreted by the electroencephalographer [38]. The qEEG can
provide valuable information regarding focal slowing, frontal lobe disturbances, low magnitudes,
interictal activity, as well as brain asymmetry [39]. Along with the qEEG system, the emergence of
off-site interpretation of EEGs via a cloud based system, or tele-EEG (tEEG), has been shown to be a
feasible, secure, and timely method of providing EEG service to hospitals which cannot always staft
24/7 coverage [40]. Moreover, training ICU nursing staff and clinical pharmacists to recognize the
alarm system could allow a more rapid analysis of the qEEG data associated with potential seizure
activity and treatment escalation, as appropriate. Other alternatives to qEEG for providers who are
not trained to interpret brain wave activity and/or for possible NCSE have also recently come to the
market and have shown clinical efficacy, ease of use, and rapid acquisition [41].

Unfortunately, recent data have shown that a continuous EEG alone may not be sufficient to detect
deep foci of seizures or other unexplained deteriorations, at which point a high level of monitoring
may be indicated. Intracortical monitoring has shown that in patients with unexplained neurological
declines, up to 60% of seizing patients may not have scalp EEG correlates [42]. This leads to the need
for either high-density EEG (HDEEG) or intracranial monitoring as treatment escalates but is typically
driven by the available resources at the treating facility. HDEEG does show the benefit of increasing
epileptic spike detection by as many as threefold, with up to 90% of temporal lobe spikes not being
found using traditional 10-20 EEG montages [43,44].

The gold standard of spike and seizure detection remains intracranial monitoring; however,
weighing the benefits and risks of this modality reserves this for the most critically ill patients [44].
Intracranial monitoring is now being employed using either craniectomy and grid placement or a
cranial bolt system. With a triple or quadruple bolt system, many different parameters can be measured
simultaneously [45]. In addition to intracranial EEG, monitoring other variables can be added, including
intracranial pressure, cerebral blood flow, microdialysis, and brain oxygen probes which can detect
brain tissue hypoxia, intracerebral metabolic derangements, and more quantitative information on
the brain tissue being monitored [3]. Complications to probe placement are less than 11% according
to some sources and are generally procedure-related hemorrhage, infection, or misplacement of the
probe [46]. Inevitably, invasive monitoring is associated with higher complication rates as compared
to scalp electrodes and HDEEG [46]. Intracranial monitoring should be reserved for patients who
have unexplained alterations of mental status after undergoing continuous video EEG and risk factor
modification. Due to the risks of invasive monitoring, if seizures are still suspected in spite of an
unrevealing EEG, it is reasonable to trial a short course of benzodiazepines, such as lorazepam, while
observing for improvement in mental status. Long-term antiseizure therapy has not been shown to
improve a patient’s hospital course without a clinical indication; in fact, quite the opposite. Thus,
therapy should not be continued indefinitely.
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5. Treatment

The provision of an anticonvulsive agent for seizure prophylaxis in various disease states is
something that is still widely debated. There is a paucity of data to guide clinicians as to which
disease states should receive prophylaxis, which agent to use, and the optimal duration of prophylaxis.
As discussed previously, the incidence of seizures in critically ill patients is highly variable; however,
seizure prophylaxis is typically utilized in TBI, aneurysmal subarachnoid hemorrhage (aSAH),
intracerebral hemorrhage, brain neoplasm, and postoperatively after craniotomy [47—-49]. Current
guidelines only support the routine use of seizure prophylaxis in patients with severe TBI and suggest
consideration for use following aSAH [50,51]. Despite the indication, seizure prophylaxis should only
be used to prevent early seizures (within 7 days), as data have not shown a benefit of prophylaxis
in late-onset seizures (>7 days after incident) [52-54]. The Brain Trauma Foundation guidelines
specifically cite use of phenytoin for prophylaxis after severe TBI due to lack of data with other
agents [51]. The American Heart Association/American Stroke Association guidelines on aSAH do not
cite a specific agent, although the Neurocritical Care Society recommends against the routine use of
phenytoin for this indication, citing possible worse outcomes [50,51,55]. If a patient has a confirmed
seizure at any point during hospitalization, treatment should then be instituted and continued as long
as clinically indicated, as the patient is at a greater risk of recurrent seizures.

Management of seizures in the critically ill typically follows a stepwise approach (Figure 1).
Initial treatment should consist of prompt administration of adequately dosed benzodiazepines.
Lorazepam and midazolam are the preferred agents for intravenous (IV) and intramuscular (IM)
administration, respectively [10,56,57]. Diazepam, while historically used, is not preferred for initial
therapy if lorazepam or midazolam are readily available. Diazepam has a large volume of distribution
which results in rapid redistribution of drug out of the central nervous system to adipose tissue [6].
This redistribution may result in subtherapeutic concentrations and seizure recurrence if additional
anticonvulsants are not promptly administered (e.g., within 30 min). If IV access has not been obtained
or has been lost during convulsive activity, midazolam may be administered IM or intranasally (IN).
Intranasal administration should be performed with the use of a mucosal atomization device using the
same dosing strategy as IM and IV dosing. The midazolam 5 mg/mL IV product is recommended for
this route to minimize volume, and the total dose administered should be equally divided between each
nostril [58,59]. Intraosseous (I0) administration of midazolam or lorazepam may also be considered
if other routes of administration are not feasible. Standard practices for IO insertion should still be
applied, and placement should be verified by aspiration of a small amount of bone marrow followed
by administration of 5-10 mL of 0.9% sodium chloride to ensure lack of resistance and to clear the
needle [60]. Regardless of the medication used and route of administration, timing of medication
administration and appropriate dosing are of utmost importance. As seizure activity continues,
synaptic gamma-aminobutyric acid (GABA) receptors (benzodiazepine pharmacologic target) begin to
internalize, resulting in a decreased efficacy of benzodiazepine therapy [61]. Some clinical concerns
exist over the large doses of benzodiazepines recommended for termination of seizure activity with
regard to respiratory compromise. However, studies in the prehospital setting have shown that the
need for placement of an advanced airway is more likely related to continued seizure activity rather
than the benzodiazepines administered at the recommended doses [56,57].

Following administration of benzodiazepine, patients should be treated with longer acting
anticonvulsants to aid in seizure cessation in those still seizing despite appropriately dosed
benzodiazepine therapy, or to prevent recurrent seizures in those who have achieved successful
seizure termination [10]. Patients who have had a treatable cause of seizure identified and corrected do
not require additional therapy with an anticonvulsant (i.e., hypoglycemia, hyponatremia, etc.). There is
no consensus on which anticonvulsant to administer after benzodiazepine therapy, so the decision
should be patient-specific. Factors to consider include potential adverse drug effects, drug-drug
interactions, hemodynamic stability, renal and/or hepatic dysfunction, serum albumin, previous
history of anticonvulsant use, and therapeutic monitoring availability both in the inpatient and
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outpatient setting. Important properties of anticonvulsant medications are noted in Table 3. All agents
should initially be administered parenterally as loading doses to rapidly attain therapeutic serum
concentrations. Considerations for initiating oral maintenance therapy include what agent terminated
seizures, enteral formulation compatibility (as applicable), and concern for decreased drug absorption
(e.g., high-dose vasopressor therapy, septic shock). In general, the older anticonvulsants have more
data supporting clinical efficacy and can be monitored using serum drug concentrations, but at the
cost of more adverse drug reactions and drug—drug interactions. The newer anticonvulsants have less
clinical data supporting their efficacy, especially in SE, and ill-defined therapeutic serum concentrations,
but tend to have fewer adverse effects and drug-drug interactions. Thus, there are many controversies
over which anticonvulsant agent is the best for treating seizures in critically ill patients.

Additional drug
IV/IO: Lorazepam 0.1 mg/kg therapy may not be

(Max: 4 mg per dose, may repeat in 5-10 min) required if seizures
OR » halt and etiology

IM/IN: Midazolam 0.2 mg/kg determined and
(Max: 10 mg per dose) corrected (i.e.
hypoglycemia,
hyponatremia, etc.)

Fosphenytoin: 20 mg/kg PE IV (150 mg PE/min)
OR
Phenytoin: 20 mg/kg IV (50 mg/min)
OR
Valproic Acid: 40 mg/kg IV (3 - 6 mg/kg/min)
OR
Levetiracetam: 60 mg/kg IV (2— 5 mg/kg/min)

‘ Seizures continuing ‘

*If patient develops status

. . . epilepticus, proceed to
Is patient mechanically ventilated?* priep ! P .
hd endotracheal intubation

and prompt initiation of a
continuous infusion

Administer a different anticonvulsant listed above Midazolam: 0.2 mg/kg then 0.05 - 2 mg/kg/h
OR OR
Lacosamide: 400 mg IV Propofol: 1 -2 mg/kg then 20 — 80 meg/kg/min
OR OR
Topiramate: 400 mg NG/PO Pentobarbital: 5 — 15 mg/kg then 0.5 -5 mg/kg/h
OR

Brivaracetam: 200 mg IV§

Anticonvulsant with a different mechanism than initial
treatment preferred

§Doses up to 400 mg have been
reported in small, retrospective

Figure 1. Seizure and status epilepticus treatment algorithm for critically ill patients [10,56,57,62-68].
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Table 3. Anticonvulsant medications [10,12,56,57,62,66,68-71].

8of17

Antlconvulsant. Drug and Initial Dosing * P.r Ot(?m Half-Life Metabolism Elimination Adverse Effects
Mechanism Binding
Brivaracetam 100-200 mg over at Hydrolysis and >95% renally, <10% Psychiatric disturbances,
least 2 min <20% ~9h hepatic via CYP2C19 as unchanged dru, nystagmus
SV2A modulation p & & ystas
Diazepam 0.15 mg/kg Parent drug: Hepatic via CYP3A4 Renally as Resplratory. depression,
(Max: 10 mg) o 60-72h . . hypotension (more
) 98% . and 2C19; active glucuronide . .
GABA potentiation undiluted up to 5 Metabolite: metabolites conjugates common with rapid
mg/min 152-174 h administration)
. Fos: Prodrug, rapidly . .
Fosphenytoin/ 20 mg/kg PE at 150 Hypotension, phlebitis,
. . hydrolyzed to o . .
Phenytoin mg/kg/min PE o o . <5% renally as cardiac arrhythmias.
90%-95% 7-42h phenytoin. . . .
20 mg/kg at 50 Hepatic via CYP2C9 phenytoin metabolites Consider slower
Nat channel blockade mg/min p ! administration in elderly
2C19,3A4
Lacosamide
Hepatic via CYP3A4, o . .
Enhances slow inactivation 2001_ g(_)g Orrrlr%ir(:ver <15% 13h 2C9, and 2C19; ufg}(;;ezglgris PR mt;rva(l) 53 1;)511(();gat10n,
of voltage-gated inactive metabolite & & M
Na™* channels
Levetiracetam
3000 mg or 60 mg/kg o Nonhepatic ~66% renally as Agitation, irritability,
. (Max: 4500 mg) at 2-5 <10% 6-8h . .
SV2A modulation, mg/kg/min hydrolysis unchanged drug psychotic symptoms
AMPA inhibition 5
Lorazepam 0.1 mg/kg Hepatic; rapidly . Resplratory. depression,
(Max: 4 mg per dose, o . L ~88% renally as hypotension (more
may repeat once) up ~91% 12-18 h conjugated to inactive inactive metabolites common with rapid
GABA potentiation y metabolite .. .
administration)

to 2 mg/min
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Table 3. Cont.

9of 17

Antlconvulsant. Drug and Initial Dosing * P.r Ot(:)ll‘l Half-Life Metabolism Elimination Adverse Effects
Mechanism Binding
Midazolam 0.2 mg/kg IM o Exten51\felyohepat1§ ~90% renally as Respiratory depression,
(Max: 10 mg) ~97% 3h CYP3AL; 60% to 70% metabolites hypotension
GABA potentiation ' to active metabolite
Pentobarbital i;/?nﬁg/flg %357;3 5b0 Hepatic via <1% renally as Respiratory depression
. . . 4 45%-70% 15-50 h hydroxylation and y Y (patient must be intubated),
GABA potentiation, AMPA  a continuous infusion lucuronidation unchanged drug hvpotension. constipation
inhibition 1-5 mg/kg/h & yP ' P
Phenobarbital Hepatic via CYP2C9 Respiratory depression
15-20 mg/kg at 50%60% 53-118 h and to a lesser extent 25-50% renally as h po tensi}c’)n crz)n tains !
GABA potentiation, AMPA 50-100 mg/min ’ ’ 2C19 and 2E1, and by unchanged drug ypro lene, lveol
inhibition N-glucosidation propy &Y
Propofol 40 min; prolonged Hepatic to Respiratory depression

1-2 mg/kg followed

97%—-99%

with extended

water-soluble sulfate

~90% renally as

(patient must be intubated),

. by infusion . .
GABA potentiation, NMDAR 20-80 meg/kg/min infusions and gll.lcuromde metabolites hypotension, PRIS
blockade conjugates
Topiramate
Blocks neuronal o . .
voltage-dependent Na* ~20% hepatically via
channels. enhances GABA 200—400 mg NG/PO 15%41% 19-23 h hydroxylation, ~70% renally as Memory impairment, |
L . A (not available IV) hydrolysis, unchanged dru, serum bicarbonate
activity, antagonizes Y y & &
AMPA/Kainate receptors, and glucuronidation.
weakly inhibits carbonic
anhydrase
Valproic Acid Hepatic via
. § glucuronide Hepatotoxicity, pancreatitis,
?ﬁfﬁaﬁgiﬁ&aﬁzﬁ) 204&;%751?; 36 80%-90% 9-19h conjugation and 50-80% renally thrombocytopenia,
in}gﬁbition Na* and Ca2* mitochondrial hyperammonemia
channel blockade beta-oxidation

* Listed as IV dosing unless otherwise stated. PE—phenytoin equivalents; AMPA—a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; PRIS—propofol-related infusion syndrome.
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Patients who have continuous seizure activity for 5 min, or at least 2 seizures without return to
baseline between seizures, are considered to be in SE, as discussed previously. Due to the significant
mortality and morbidity associated with this medical emergency, prompt and aggressive treatment is
recommended [10,72]. To ensure timely administration, benzodiazepines and premade, ready-to-use
anticonvulsant products should be available in automated dispensing cabinets in ICUs as well as the
emergency department, unless a satellite pharmacy is located in close proximity. Additionally, prebuilt
order sets, following the Institute for Safe Medication Practices (ISMP) recommendations, should be
implemented for ease of appropriate medication ordering [73]. Patients whose seizures continue after
administering appropriately dosed benzodiazepines and anticonvulsants are now considered to be in
RSE. Establishing an institution-specific protocol detailing which anesthetic medications to utilize for
RSE is also advised, as these agents are typically dosed higher than in other disease states.

6. Special Considerations

The use of continuous renal replacement therapy (CRRT) in critically ill patients is an intervention
that is becoming more and more common. Unfortunately, there is a relative paucity of data available
evaluating anticonvulsant dosing in patients on any modality of CRRT (Table 4). For this reason,
any anticonvulsants that have readily available serum monitoring assays should be utilized in this
setting to assist in guiding medication dosing [69,74]. If a serum drug assay is not available, there
are a few factors that should be considered. Generally, a drug that is eliminated renally will be
removed using CRRT. The degree of removal will largely depend on the CRRT flow rate and modality
(e.g., continuous venovenous hemofiltration and/or hemodialysis), the degree of protein binding
(only unbound drug will be removed by CRRT), and the volume of distribution of the drug [74].
Other important considerations for anticonvulsant dosing in patients on CRRT is monitoring for any
filter down time as well as flow rate changes, as these may warrant further modification to drug
dosing. While molecular weight of the drug is often cited as a consideration, the weights of available
anticonvulsants are all small enough that this factor is not of clinical significance. Unfortunately, there is
currently not enough evidence to recommend specific anticonvulsant doses in those undergoing CRRT;
therefore, the clinician must consider the characteristics of each drug when making dosing decisions,
and serum drug levels should always be utilized, if available [69,74,75]. Additionally, the development
of any adverse effects believed to be related to an anticonvulsant should prompt dosing modifications.

Similar to drug dosing in CRRT, data regarding drug dosing in patients with acute liver failure
are also lacking (Table 4). Serum drug concentrations should be followed closely when available in
this unique patient population. Dosing recommendations based on Child—-Pugh scores may also be
considered, keeping in mind that these dosing recommendations were designed for patients with
chronic liver disease [76]. If an anticonvulsant is to be initiated in the setting of acute liver failure, it is
best to avoid those with low hepatic extraction ratios (i.e., phenytoin, valproic acid, and phenobarbital)
as clearance of these drugs will be primarily predicated upon intrinsic hepatic function.

The use of extracorporeal membrane oxygenation (ECMO) continues to rise in critically ill patients,
but unfortunately, the literature surrounding specific drug dosing remains sparse. The biggest impact
of ECMO on drug dosing lies in the propensity for the ECMO circuit to sequester drugs, resulting
in a larger than expected volume of distribution. This phenomenon may decrease over time with
continued dosing due to saturation of binding sites. In general, medications with a higher degree
of lipophilicity and protein binding tend to be sequestered more [77,78]. Many patients on ECMO
frequently receive concomitant CRRT, which further complicates the dosing picture and heightens the
need for therapeutic drug monitoring, if available.
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Table 4. Anticonvulsant dosing considerations in renal/hepatic impairment [12,69-71].

Anticonvulsant Drug Renal Impairment

Hepatic Impairment

Mild to severe impairment:
No dosage adjustment
ESRD with HD:

Not recommended (not studied)

Brivaracetam

Mild to severe impairment
(Child Pugh classes A, B, and C):
Initial: 25 mg twice daily, up to a

max of 75 mg twice daily

No empiric dosage adjustment necessary
Total serum concentration is difficult to
interpret in renal failure;
free concentration highly preferred

Fosphenytoin/Phenytoin

May require dosing |. Close
monitoring of serum drug
concentrations recommended

CrCl > 30 mL/min: No dosage adjustment
necessary. Consider dose | in patients
taking concomitant strong CYP3A4 or

CYP2C9 inhibitors

CrCl < 30 mL/min: | to 75% of the max
dose. Further dose | may be necessary
with concomitant use of strong CYP3A4
or CYP2C9 inhibitors

Lacosamide

ESRD requiring HD: | to 75% of the max
dose. Further dose | may be necessary
with concomitant use of strong CYP3A4
or CYP2C9 inhibitors. Post-HD, consider
supplemental dose of up to 50%

Mild to moderate hepatic
impairment: | dose to 75% of max
dose. Further dose | may be
necessary in patients taking
concomitant strong CYP3A4
and/or CYP2C9 inhibitors

Severe hepatic impairment: Use
not recommended

CrCl > 80 mL/min/1.73 m?:
500-1500 mg every 12 h

CrCl 50-80 mL/min/1.73 m?2:
500-1000 mg every 12 h

CrCl 30-50 mL/min/1.73 m?2:
Levetiracetam 250-750 mg every 12 h
CrCl < 30 mL/min/1.73 m?:
250-500 mg every 12 h

ESRD with HD:
500-1000 mg every 24 h; supplemental
dose of 250-500 mg post-HD

No dosage adjustment necessary

Dose | recommended due to propylene
glycol and potential for neurotoxicity
(no specific guidance)

Pentobarbital/
Phenobarbital

Dose | recommended
(no specific guidance)

Propofol No dosage adjustment necessary

No dosage adjustment necessary

CrCl < 70 mL/min/1.73 m?:
| to 50% of normal dose and titrate slowly
Topiramate
HD: 50-100 mg every 12 h; supplemental
dose (50 to 100 mg) post-HD

No dosage adjustment necessary

Valproic Acid No dosage adjustment necessary

Avoid

ESRD = End-stage renal Disease; HD = Hemodialysis; CrCl = Creatinine clearance.

Critically ill patients regularly receive numerous medications during their stay in the ICU. In the
patient receiving an anticonvulsant drug, medication lists should be carefully scrutinized for drug-drug
interactions, as many of these medications are inhibitors or inducers of certain metabolic enzymes.
Fosphenytoin/phenytoin, phenobarbital, and pentobarbital are all enzyme inducers and may reduce
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the concentration of concurrent medications [79]. Additionally, anticonvulsant drugs with high
degrees of protein binding may displace other medications with a high degree of protein binding,
resulting in an increased free fraction of one or both medications which may precipitate adverse
effects. The potential for this is heightened in critically ill patients who often have reduced plasma
albumin and acid/base abnormalities [80-82]. One additional serious interaction to consider as the
incidence of multidrug-resistant organisms increases is between carbapenem antibiotics and valproic
acid. Numerous potential mechanisms exist to describe this interaction; however, it is believed that
carbapanems inhibit an enzyme crucial to the production of the pharmacologically active moiety of
valproic acid, resulting in significantly reduced plasma valproic acid concentrations [83-85]. In patients
on valproic acid, alternatives to carbapenems should be utilized if possible. If a carbapenem must be
used, patients should be started on another anticonvulsant drug prior to initiation.

7. Older Adults, Pediatrics, and Pregnancy

The initial management approach of acute onset seizures in the critically ill older adult and pediatric
populations is similar to that of other adult patients. Medication dosing is primarily weight-based,
and there are generally no modifications required for the initial dosing strategy. However, a number of
physiological changes occur in older adults that may affect the pharmacokinetics of anticonvulsants,
including possible decrease in drug absorption, increase in total body fat, decrease in total body
water, and reduced hepatic and renal function [86]. Older adult patients may also have increased
blood-brain-barrier permeability, which lends to a higher risk of adverse effects associated with
anticonvulsant use [87]. When considering anticonvulsants in this population, it is important to
consider each of these aspects, as well as concomitant disease states and medications.

Many of the older anticonvulsants that undergo hepatic metabolism may be enzyme inhibitors
or inducers. These may affect or be affected by other medications, altering serum concentrations
and potentially leading to sub- or supratherapeutic concentrations. Therefore, in the older adult
patient on numerous medications with potential for interactions, it may be prudent to assess serum
drug concentrations more frequently than in other patients to ensure efficacy and safety. In patients
receiving newer anticonvulsants for which target serum concentrations are not as well defined,
dose modifications should be made based on estimated renal function using the Cockcroft-Gault
equation and corresponding doses listed in the package inserts. Identifying anticonvulsant agents with
a lower incidence of dizziness and ataxia, especially when transitioning to home care, is also important
due to the higher risk of falling in the older adult patient population.

Many pharmacokinetic properties are different in the pediatric population and change as the
patient ages. Neonates tend to have relatively reduced fat compared to adults, whereas infants tend
to have increased fat. This results in an increased volume of distribution for lipophilic drugs in
infants and a decreased volume of distribution for lipophilic drugs in neonates. Pediatric patients
also have reduced plasma proteins, leading to a lower degree of protein binding and a higher degree
of free drug in anticonvulsants with high protein binding. Metabolism and elimination are also
effected due to larger relative liver and kidney sizes, resulting in a greater degree of metabolism
of drugs that are extensively hepatically metabolized and increased clearance of renally eliminated
drugs, respectively [88]. Some medications have increased risk of toxicity in children (e.g., valproic
acid-hepatotoxicity); therefore, the risk versus benefit of each treatment strategy should be considered.

Critically ill pregnant patients who experience seizures or SE should be treated aggressively to
halt seizure activity so additional complications are limited. Agent selection is important over the
long term due to potential teratogenic effects, but acute and chronic pharmacokinetic alterations also
need to be considered. During pregnancy, the plasma volume is expanded by approximately 50%,
resulting in an increased volume of distribution. As pregnancy progresses, this volume expansion
leads to a relative dilutional hypoalbuminemia and may result in a greater free fraction of drugs that
are highly bound to albumin (e.g., phenytoin, valproic acid). The hepatic metabolism of phenytoin has
been reported to increase and is possibly due to increased microsomal enzyme activity induced by
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progesterone, so this should be considered for other hepatically metabolized anticonvulsants as well.
As a result of the increased cardiac output during pregnancy, renally eliminated anticonvulsants have
an increased clearance [89].

Aside from the changes in pharmacokinetics during pregnancy, the potential for a medication to
cause teratogenicity should also be evaluated. In the acute setting, it is best to avoid initiation of valproic
acid as it has the most data suggesting it is teratogenic. Other anticonvulsants with high teratogenic
potential include phenytoin, phenobarbital, and topiramate. Lamotrigine and levetiracetam are the
most commonly recommended anticonvulsant agents for pregnant patients based on the amount of
evidence showing lower teratogenic risk.

8. Summary

The occurrence of seizures and SE in the critically ill may be attributed to a variety of factors,
while the true incidence remains unknown. Increased use of prolonged monitoring techniques as
well as the development of more advanced monitoring systems may aid in bridging this knowledge
gap. Further comprehension of seizure and SE incidence in critically ill patients may also allow for
improved delineation of the need for seizure prophylaxis, as this concept still remains heavily debated.
For optimal outcomes, early recognition of seizure activity followed by prompt, appropriately dosed
medication therapy remains the hallmark of treating acute onset seizures and SE in critically ill patients.
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