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Summary

Management of seizure emergencies substantially
changed after the introduction of rectal diazepam
in Europe in the 1970s and in the United States in
the 1990s. Although safe and effective, social
objections and legal concerns have limited use of
rectal diazepam products in out-of-hospital treat-
ment of seizure emergencies. Shortly after the intro-
duction of Diastat (diazepam rectal gel), commercial
development of innovative formulations began involv-
ing several benzodiazepines and routes of administra-
tion, including buccal, IM, nasal, and subcutaneous. All
benzodiazepines have the same mechanism of action;
however, there are major differences in physicochem-
ical properties and pharmacokinetic characteristics,
which affect the choice of drug and route. This article

highlights some of those differences and their effect on selection of therapies for treating sei-
zure emergencies. We also present results from key clinical studies of these drugs and provide

an update on current status of new products under development.

ectal diazepam gel administered after the onset of acute repetitive and prolonged seiz-
ures has been shown to significantly reduce seizure recurrence and emergency depart-
ment admissions." Nonetheless, social objections to and legal concerns® about rectal
administration have limited its use. A need for better, more patient-friendly therapies
for seizure emergencies such as prolonged seizures, acute repetitive seizures, or status epilepticus
has resulted in development of innovative benzodiazepine formulations using nonrectal routes.
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Table 1 Physicochemical properties and pharmacokinetic parameters of diazepam,
midazolam, and lorazepam41>
Oral Protein binding, Elimination
Drug Lipid solubility® bioavailability, % % bound half-life, h°
Diazepam 309 100 96-99 21-70
Lorazepam 78 99 93.2 7-26
Midazolam 34 atpH 3,475 40 96 1-4

atpH 7.4

2Measured as octanol/water partition ratio.

bHalf-lives of benzodiazepines are shorter in patients with concomitant enzyme-inducing drug
therapy.

Each of these routes and results from key clinical studies of 3 benzodiazepines (diazepam,
lorazepam, and midazolam) undergoing development as rescue therapies are reviewed in this
article.

Current guidelines to treating seizure emergencies

Rescue therapy, for which benzodiazepines are considered the drugs of choice, is administered to
abort a seizure or interrupt progression to a more prolonged episode or prevent recurrence.” The
Neurocritical Care Society recommends use of IV lorazepam for treatment of status epilepticus
when skilled health care personnel are available. When IV therapy is not feasible, Society
guidelines state that benzodiazepines can be administered by IM, rectal, intranasal (IN), or
buccal routes.* However, the only product available in the United States for rescue therapy is
rectal diazepam gel. Unitil such time as Food and Drug Administration (FDA)-approved IM
and IN formulations are available, clinicians outside of Europe, where buccal midazolam is
approved in patients up to the age of 17 years, can consider the off-label use of diazepam or
midazolam oral solutions given buccally or injectable formulation administered intranasally,
when patients decline rectal therapy. However, these therapies have not been evaluated in
controlled trials, resulting in uncertainty about their efficacy or optimal dosage regimens.

Ideal drug characteristics for seizure emergencies

Drugs used in the management of seizure emergencies must be sufficiently potent to permit small
dose volumes and have wide therapeutic index. They should exhibit a rapid onset of action
(minutes) with an intermediate duration of action (hours). Drug administration should be quick,
easy, and safe. When treating seizure emergencies by an extravascular route, the formulation
should exhibit high, consistent, and rapid (minutes) absorption.

Lipid solubility and pharmacokinetics

Lipid solubility affects the rate at which a drug diffuses across biological barriers, i.e., the greater a
drug’s lipid solubility, the faster its absorption across tissue membranes. Diazepam and mid-
azolam are 4 and 6 times more lipid soluble than lorazepam (see lipid solubility, table 1). When
given 1V, diazepam, lorazepam, and midazolam enter the CNS within a few minutes with a
corresponding rapid onset of effect. However, lorazepam more slowly redistributes out of the
CNS into muscle and fat tissue, resulting in a longer duration of effect. This property makes
lorazepam the drug of choice when given IV to treat SE.

When treating a seizure emergency by an extravascular route, the differences in lipid solubility
and pharmacokinetics result in a different choice of benzodiazepines. Diazepam and midazolam
when given extravascularly display significantly faster rates of absorption than lorazepam due to
their high lipid solubility and redistribution is not as pronounced. Consequently, diazepam and
midazolam are preferred when non-IV routes are indicated, but their performance will vary by
route and type of seizure emergency.
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When treating a seizure emergency by an
extravascular route, the differences in lipid
solubility and pharmacokinetics result in a
different choice of benzodiazepines.

Status of extravascular formulation development

Table 2 is an overview of benzodiazepine rescue therapies that are approved, used off-label, or
under development. Currently rectal diazepam and buccal midazolam (Europe only) are
approved. Investigational products under development include IN, IM, and subcutaneous
formulations. Table 3 provides a comparison of bioavailability and time to maximum con-
centration (T),.,) of 3 benzodiazepines via different routes of administration.

Intramuscular administration

IM autoinjector devices can be used to easily administer medications by nonmedical personnel and
patients. Studies of IM administration of diazepam, midazolam, and lorazepam show that the for-
mer 2 are absorbed more quickly than lorazepam (table 3). In a controlled clinical trial funded by
the National Institutes of Health and Biomedical Advanced Research and Development Author-
ity, the efficacy and safety of IM midazolam (5-10 mg) was compared with IV lorazepam (2—4
mg) in children and adults with status epilepticus who were treated by paramedics. Results of this
study showed that IM midazolam was superior to IV lorazepam in terminating seizures.” Both
treatment groups were similar with respect to need for endotracheal intubation and recurrence of
seizures. As the IM route does not require establishing an IV line, the median time to initiate
treatment was shorter (1.2 minutes) for midazolam than IV lorazepam (4.8 minutes) and the
corresponding median time from initiating treatment to cessation of convulsions for midazolam
was only slightly slower than lorazepam: 3.3 minutes and 1.6 minutes, respectively. In contrast,
autoinjector IM diazepam exhibits somewhat slower absorption, approximately the same as rectal
diazepam.® Recently, Abou-Khalil et al.” reported the results of a randomized, placebo-controlled
study of IM diazepam autoinjector for treatment of acute repetitive seizures in which the drug
was significantly better than placebo at preventing seizure recurrence.

[ Table 2 Benzodiazepine seizure rescue therapies ]
Route Drug Development status?®
Rectal Diazepam Only FDA-approved product for out-of-hospital treatment of acute
repetitive seizures (Diastat)
IN Diazepam NDA resubmission in progress
IN Midazolam Phase llI
IM Diazepam Phase Il completed (current status unknown)
IM Midazolam Phase Il completed (NIH-BARDA funded trial)
SQ Diazepam Preclinical phase
Buccal Midazolam Marketed in selected European countries (Buccolam and Epistatus)

Abbreviations: BARDA = Biomedical Advanced Research and Development Authority;
FDA = Food and Drug Administration; IN = intranasal; NDA = New Drug Application;
SQ = subcutaneous.

aAs of May 19, 2014.

Source of information: clinicaltrials.gov, press releases, grant awards, marketing information.
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Intranasal administration is simple, convenient,
does not require patient cooperation, and
generally offers rapid absorption of selected
drugs, resulting in a rapid onset of effect.

Intranasal administration
Intranasal administration is simple, convenient, does not require patient cooperation, and gener-
ally offers rapid absorption of selected drugs, resulting in a rapid onset of effect. Challenges in
developing nasal formulations include overcoming small dose volumes (<200 L per nostril)
limitations and variable absorption. These challenges appeared to have been largely overcome by
the investigational diazepam and midazolam products under development. Additional caveats
include determining if seizures affect nasal absorption and minimizing the irritation of nasal
tissues by organic solvents used in the formulations. An open-label trial conducted in children
with prolonged (>10 minutes) febrile seizures, comparing the safety and efficacy of midazolam
injectable solution (0.2 mg/kg) given intranasally with IV diazepam (0.3 mg/kg), demonstrated
the potential of IN therapy. The results of the study showed that IN midazolam was similar in
effectiveness to IV diazepam, but resulted in earlier cessation of seizures due to rapid initiation
of IN therapy.®

Pharmacokinetics in healthy volunteers show that absorption following IN administration
may be somewhat faster than rectal diazepam, but bioavailability is widely variable. Diaze-
pam and midazolam formulations are being commercially developed in the United States,
which can be administered in small dose volumes with no evidence of second peaks in plasma
concentration—time profiles due to delayed absorption from swallowing a portion of a
dose.”"" Recent studies evaluating the pharmacokinetics of a cyclodextrin (CD)-based
IN midazolam formulation containing the absorption enhancer chitosan in healthy volun-
teers showed average T ,,,, and bioavailability to be <10 minutes (range 5-30 minutes) and
~80% (range 41%-102%), respectively.'>'? Therefore, absorption from CD-based IN
midazolam appears to be relatively rapid compared to IN diazepam, but variability in
bioavailability was wide with both diazepam and midazolam formulations. Nasal irritation
following drug administration was noted in most studies, with one exception (Agarwal
et al’). Taken together, these studies demonstrate that IN benzodiazepine formulations
under development, despite some limitations, have pharmacokinetic and safety profiles that
support their use for management of seizure emergencies.

Table 3 Comparison of benzodiazepine pharmacokinetics after IM, intranasal, buccal, and rectal administration in healthy

volunteers
% Bioavailability, mean = SD Tmax: h, median (range)?
Drug IM IN Buccal Rectal IM IN Buccal Rectal
Diazepam®°:16 116° 67-97 NA 90 = 9.5 1(0.25-2.0) 1-1.5(0.6-4.0) NA 1.18 = 0.56
Lorazepam®’® 100 + 10 77.7 = 8.6 NA 86 + 26 3.0 (0.5-8) 0.5 (0.25-2) NA 0.8 (0.5-2)

Midazolam®*1®21 87 - 18 60 +30 75 52+8 0.25(0.15-1.5) 0.15(0.1-0.35) 0.5(0.25-1.5) 0.5+ 0.2

Abbreviations: IN = intranasal; NA = not applicable.
2For few studies, instead of median and range, mean + SD is reported.
bRelative bioavailability of IM diazepam compared to rectal diazepam.
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DISCUSSION

Neurologists should include in their therapeutic armamentarium rescue therapy options for

patients who experience seizure emergencies. Available therapies include an FDA-approved rec-

tal diazepam as well as off-label use of buccal and nasal diazepam, lorazepam, and midazolam.
However, the safety and efficacy of off-label drugs and routes remains to be established as level I
evidence is lacking. IN and IM diazepam and midazolam formulations are under development
that will offer clinicians and patients effective, safe, and more acceptable alternatives to treating
seizure emergencies outside the hospital.
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