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Abstract
Seizure clusters must be treated quickly and effectively to prevent progression to pro-
longed seizures and status epilepticus. Rescue therapy for seizure clusters has focused 
on the use of benzodiazepines. Although intravenous benzodiazepine administration 
is the primary route in hospitals and emergency departments, seizure clusters typically 
occur in out- of- hospital settings, where a more portable product that can be easily 
administered by nonmedical caregivers is needed. Thus, other methods of adminis-
tration have been examined, including rectal, intranasal, intramuscular, and buccal 
routes. Following US Food and Drug Administration (FDA) approval in 1997, rectal 
diazepam became the mainstay of out- of- hospital treatment for seizure clusters in the 
United States. However, social acceptability and consistent bioavailability present 
limitations. Intranasal formulations have potential advantages for rescue therapies, 
including ease of administration and faster onset of action. A midazolam nasal spray 
was approved by the FDA in 2019 for patients aged 12 years or older. In early 2020, 
the FDA approved a diazepam nasal spray for patients aged 6 years or older, which 
has a different formulation than the midazolam nasal product and enhances aspects of 
bioavailability. Benzodiazepines, including diazepam, present significant challenges 
in developing a suitable intranasal formulation. Diazepam nasal spray contains dode-
cyl maltoside (DDM) as an absorption enhancer and vitamin E to increase solubility 
in an easy- to- use portable device. In a Phase 1 study, absolute bioavailability of the 
diazepam nasal spray was 97% compared with intravenous diazepam. Subsequently, 
the nasal spray demonstrated less variability in bioavailability than rectal gel (per-
centage of geometric coefficient of variation of area under the curve = 42%– 66% for 
diazepam nasal spray compared with 87%– 172% for rectal gel). The diazepam nasal 
spray safety profile is consistent with that expected for rectal diazepam, with low 
rates of nasal discomfort (≤6%). To further improve the efficacy of rescue therapy, 
investigation of novel intranasal benzodiazepine formulations is underway.
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1 |  INTRODUCTION

Seizure clusters, also known as acute repetitive seizures, may 
be defined as intermittent increases of seizure activity expe-
rienced while on stable regimens of antiseizure drugs.1,2 This 
type of seizure emergency must be treated quickly and ef-
fectively to interrupt the cluster and prevent the progression 
to prolonged seizures and/or status epilepticus (SE).3,4 Most 
seizure clusters occur outside the hospital environment, so 
patients need readily available, easily administered, nonin-
travenous rescue therapies.5,6 Benzodiazepines, such as diaz-
epam, lorazepam, and midazolam, administered by various 
routes, both on and off label, have for several decades been 
used as the preferred first- line treatment for seizure clusters 
because of their rapid onset of action, high level of efficacy, 
and good tolerability.6– 8

Intravenous (IV) administration of benzodiazepines is ef-
fective when treating seizure emergencies in medical facilities 
or when administered by emergency medical personnel, but 
it is not practical for nonmedical caregivers. However, use of 
selected non- IV routes (e.g., buccal, intramuscular [IM], and 
intranasal [IN]) can permit quicker drug delivery than IV ad-
ministration, largely owing to the time required to set up IV 
equipment and the several minutes recommended for drug in-
fusions.9– 11 In a double- blind, randomized study of IM mid-
azolam versus IV lorazepam in children and adults in SE who 
were treated by paramedics, the IM route had a significantly 
shorter median time to administration of active treatment (1.2 
min) than the IV route (4.8 min) in patients who had stopped 
seizing following drug administration before arriving at the 
emergency department.12 Likewise, in a prospective, random-
ized study of IN midazolam versus IV diazepam in children 
with prolonged febrile seizures, the IN route had a significantly 
shorter mean time from hospital arrival to treatment initia-
tion (3.5 min) than the IV route (5.5 min).13 These results are 
supported by a systematic review of 75 controlled trials that 
found that benzodiazepines were administered more quickly 
via non- IV routes than via IV injection and that time to seizure 
termination, adverse events, and seizure recurrence rates were 
generally comparable between IV and non- IV treatments.14 In 
a meta- analysis, certain non- IV routes (i.e., buccal, IM, IN, and 
rectal) were shown to have a faster time to dosing and faster 
seizure control than IV delivery (mean difference = 3.41 min, 
95% confidence interval [CI] = 1.69– 5.13 min), similar rates 
of respiratory complications (risk difference = .00, 95% CI = 
−.02 to .01), and fewer treatment failures in adults (odds ratio 
= .72, 95% CI = .56– .92).15

The need for alternatives to IV benzodiazepine for sei-
zure emergencies triggered the development of new therapies 
using other routes of administration, which recently culmi-
nated in US Food and Drug Administration (FDA) approval 
of IN benzodiazepine formulations for management of sei-
zure clusters. The steps toward the introduction of these 

products were not straightforward and presented developers 
with a number of challenges. This review focuses on the 
physiological, chemical, pharmacological, and pharmaceuti-
cal challenges encountered in the development of an IN diaz-
epam formulation for management of seizure clusters and the 
approaches used to overcome those challenges.

1.1 | Features of the ideal rescue therapy

Out- of- hospital benzodiazepine rescue therapy should allow 
for quick and easy administration by the patient or a family 
member, a caregiver/care partner, school nurses, or emer-
gency medical personnel with minimal discomfort for the 
patient. The route and formulation should offer rapid absorp-
tion, consistent and high bioavailability, good potency at 
small dose volumes, reliable and early onset of action, a wide 
therapeutic index, sufficient duration of action (i.e., hours), 
a good safety profile, low interpatient variability, dosing 
guidelines for adults and children, and a long shelf- life. With 
these features in mind, several benzodiazepines prepared as 
different formulations and administered via various routes, 
including rectal, IN, IM, buccal, subcutaneous, and intrapul-
monary, have been studied.5,7

1.2 | Alternative routes of drug 
administration for rescue therapies

Rectal diazepam was approved by the FDA in 1997 and be-
came the mainstay of out- of- hospital treatment for seizure 
clusters in the United States.16 Despite the efficacy of rec-
tal formulations, many adults and older children find this 

Key Points
• Seizure clusters mostly occur outside hospitals; 

thus, rescue therapy should be portable and easily 
administered by nonmedical persons

• Advantages of intranasal rescue therapies com-
pared with rectal treatment include greater social 
acceptability and ease of administration

• Benzodiazepines present challenges to nasal for-
mulations, such as issues with absorption and 
solubility, requiring mitigating components

• Diazepam nasal spray includes Intravail A3 as an 
absorption enhancer and vitamin E to assist with 
solubility

• Additional intranasal diazepam formulations are 
being investigated, including a water- soluble 
prodrug and enzyme combination
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route of administration socially embarrassing, which leads to 
underutilization. Adults with epilepsy (n = 80 with at least 
partially completed questionnaires) reported being equally 
embarrassed about having a seizure (48%; 13/27) and having 
to use rectal medications (52%; 14/27). Most (62%; 34/55) 
preferred to use rectal therapy in a private setting.17 Because 
of these concerns, the rectal formulation is primarily used 
for younger children rather than older children or adults.18 
Institutional barriers to the use of the rectal formulation have 
also been reported. In a small survey (N = 43), 19% of par-
ents reported that their child’s school refused to administer 
rectal diazepam gel, citing purported legal restrictions, the 
child’s privacy, and ignorance about dosing.19

As an alternative route of administration, development 
of IN diazepam and midazolam formulations began soon 
after the approval of diazepam rectal gel.20,21 Because of the 
challenges of developing such formulations, more than 2 de-
cades elapsed before 2 IN products for the acute treatment 
of seizure clusters were approved. A midazolam nasal spray 
(Nayzilam) for the acute treatment of intermittent, stereotypic 
episodes of frequent seizure activity in patients with epilepsy 
aged 12 years and older was approved by the FDA in 2019.10 
Diazepam nasal spray (Valtoco, discussed below), which has 
a similar indication, but includes patients aged 6 years and 
older, was approved in early 2020.9

IM benzodiazepines for seizure emergencies also have been 
studied. As noted above, a controlled trial in SE found that IM 
midazolam was superior to IV lorazepam and could be deliv-
ered more quickly.12 It is now approved for use by trained health 
care professionals for adults with SE.12,22 A buccal midazolam 
solution, which is approved in Europe for seizure emergencies 
in children younger than 18 years, appears to be as effective as 
rectal diazepam based on open- label trials.23,24

As shown in Table 1, other formulations are in development. 
One example is a diazepam buccal film; however, this route of 
administration has several limitations (e.g., clenched jaw, ex-
cessive drooling, spitting out dose, altered pharmacokinetics 
when swallowed).6,7,25 Another approach is intrapulmonary al-
prazolam, involving aerosolized drug particles for inhalation.26 
Some level of active patient participation is required for this 
route, which may be challenging during a seizure.

Table 1 lists some advantages and disadvantages of sev-
eral non- IV benzodiazepine formulations approved or in 
development, including formulations for intranasal admin-
istration.2,5– 7,26,27 Among the available routes of administra-
tion, nasal drug delivery has the potential to fulfill most of 
the requirements for an ideal rescue therapy, which can be 
given during a seizure, while bypassing the gastrointestinal 
tract and potential issues with variable gastric absorption or 
vomiting. However, the development of such products must 
account for the limitations imposed by the anatomy and phys-
iology of the nose and the physicochemical and pharmacoki-
netic properties of benzodiazepines.

2 |  CHALLENGES OF THE NASAL 
ANATOMY AND PHYSIOLOGY

IN administration has a number of theoretical advantages that 
make it an attractive option for rescue therapies. The IN route 
is noninvasive and easy to access, may allow rapid onset of 
effect, avoids first- pass metabolism, does not require patient 
cooperation, and is socially acceptable.7,27,28

The nasal cavity effectively captures medicating droplets 
produced by aerosol drug- delivery devices. Nasal tissue pos-
sesses microvilli and a rich vasculature that facilitates drug 
absorption. Furthermore, nasal cavity innervation by the olfac-
tory nerve and the ophthalmic and maxillary branches of the 
trigeminal nerve may potentially permit direct nose- to- brain 
delivery (Figure 1).7,29,30 Factors that may limit the rate and ex-
tent of absorption are the total surface area (about 160 cm2) and 
total volume (about 15 ml) of the nasal cavity,30 renewal of the 
mucus layer, mucociliary clearance, and posterior and anterior 
drainage. The posterior drainage may result in an objectionable 
taste. Seasonal allergies, which might be a limitation, do not 
appear to have a clinical impact on nasal drug absorption.31,32 
Absorption, efficacy, and safety of nasal formulations have 
been similar in subjects without and with seasonal allergies de-
spite the presence of mucosal inflammation.33,34

3 |  CHALLENGES IN DEVELOPING 
INTRANASAL BENZODIAZEPINE 
FORMULATIONS

The selection of a specific benzodiazepine and formulation 
must take into consideration the limitations imposed by the 
anatomy and physiology of the nasal cavity. For seizure clus-
ters, a liquid formulation is required to enable rapid absorption, 
and the drug must be highly potent so as to deliver a therapeu-
tic dose in a small volume. Because of the nasal cavity's small 
surface area,30 drug delivery is limited to 200 μl (optimally, 100 
μl) to avoid leakage or swallowing.7,35 Hence, the solubility of 
the drug must be high enough to provide a therapeutic dose in 
a limited volume. This is a challenge for benzodiazepines as a 
class, in that they are hydrophobic molecules with poor solubil-
ity in water.7 Several strategies have been employed to over-
come this problem for IN formulations, such as manipulation of 
pH, use of surfactants, solubilizing agents such as cyclodextrins 
or organic solvents, microemulsions, particulate formulations 
(e.g., nanoparticles), and supersaturated solutions.7,36 Nasal ir-
ritation is common with many of these strategies, whether the 
formulation incorporates organic solvents or lowering of pH. 
Poor tolerability related to nasal discomfort may reduce a pa-
tient's use of product.37,38

Table 2 lists the characteristics of solvents tested for en-
hancing the solubility of benzodiazepines for IN administra-
tion.39 For several of these solvents, greater fold increase in 
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T A B L E  1  Alternative (nonintravenous) routes for rescue therapies2,5– 7,9,10,26,27,69

Route Drug(s) Advantages Disadvantages

Approved by the US Food and Drug Administration

Rectal Diazepam
• Doses: .2, .3, .5 mg/kg
• Patient age: ≥2 years
• Bioavailability: 90% vs. IV diazepam
• AEs in ≥4%: somnolence, diarrhea, 

headache

• Can administer relatively large dose 
volume

• Relatively painless

• Inconsistent absorption and 
bioavailability

• Limited medications can be 
delivered by this route

• Poor social acceptability

Intranasal Diazepam
• Doses: 5, 10, 15, 20 mg
• Patient age: ≥6 years
• Bioavailability: 97% vs. IV diazepam
• AEs in ≥4%: somnolence, headache, 

nasal discomfort
Midazolam
• Dose: 5 mg
• Patient age: ≥12 years
• Bioavailability: mean absolute ~44%
• AEs in ≥5%: somnolence, headache, 

nasal discomfort, throat irritation, 
rhinorrhea

• Quick and easy administration
• Relatively fast absorption and onset of 

action
• Safe
• Patient cooperation not needed
• Relatively painless
• Avoids first- pass metabolism
• Socially acceptable vs. rectal route
• Possible direct brain delivery of drug

• Need for delivery device (e.g., 
atomizer)

• Possible CNS TEAEs
• Variable absorption and 

bioavailability depending on 
mucosal health and specific 
benzodiazepine

• Formulations require high drug 
concentration in a small volume

• Nasal/throat discomfort, 
inflammation, lacrimation, 
abnormal taste

• Need to enhance drug 
solubility

Intramuscular Midazolam • Easy access
• Accommodates many medications
• Relative rapid absorption and high 

bioavailability
• Relative rapid onset of action

• Need skill for IM injection
• Injection- site reactions (lower 

risk vs. SC); infection
• Painful

Investigational therapies

Intranasal Diazepam prodrug • Quick and easy administration
• Relatively fast absorption and onset of 

action
• Safe
• Patient cooperation not needed
• Relatively painless
• Avoids first- pass metabolism
• Socially acceptable vs. rectal route
• Possible direct brain delivery of drug

• Need for delivery device (e.g., 
atomizer)

• Possible CNS TEAEs
• Variable absorption and 

bioavailability depending on 
mucosal health and specific 
benzodiazepine

• Nasal/throat discomfort, 
inflammation, lacrimation, 
abnormal taste

Intramuscular Diazepam
Diazepam prodrug
Lorazepam

• Easy access
• Accommodates many medications

• Slow drug absorption 
(midazolam exception)

• Variable onset of action and 
bioavailability

• Need skill for IM injection
• Injection- site reactions (lower 

risk vs. SC); infection
• Painful

Buccal Diazepam
Midazolam

• Easy to use
• Can administer a relatively large dose 

volume
• Painless
• Avoids first- pass metabolism

• Limited medications can be 
delivered by this route

• Potentially distasteful
• Inconsistent absorption
• Swallowing reduces buccal 

delivery
• Difficult when patient is 

experiencing a seizure
• Precautions to reduce risk of 

biting

(Continues)
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brain delivery often comes at the expense of increased nasal 
mucosal toxicity and discomfort.

The rate and extent of absorption, and thus the onset 
and magnitude of effect, are largely determined by a drug’s 
physicochemical and pharmacokinetic properties. The 
greater a drug’s lipid solubility, the faster diffusion occurs 
across a biological membrane. Among the benzodiazepines 
used for managing seizure clusters, the lipid solubilities of 
diazepam and midazolam are approximately four and six 
times greater, respectively, than lorazepam.40,41 This fac-
tor largely determines the rate or absorption as expressed 
by time to maximum concentration (tmax). The duration of 

effect is largely determined by a drug’s residence time in 
the brain.8

4 |  DEVELOPMENT OF 
INTRANASALLY ADMINISTERED 
MIDAZOLAM

An early study of IN midazolam utilized the commercial in-
jectable solution (pH ≈ 3).37 Although the pharmacokinetic 
profile was good, the administered volume was large, 1 ml, 
and the formulation was poorly tolerated. Subsequently, 

Route Drug(s) Advantages Disadvantages

Sublingual Lorazepam
Diazepam

• Easy to use
• Painless

• Must avoid swallowing
• Requires compliance
• Precautions to reduce risk of 

biting
• Slow to appear in systemic 

circulation

Intrapulmonary Alprazolam • Fastest rate of absorption vs. all other 
routes

• Rapid onset of action

• Dose determination difficult
• Requires tight control of 

aerosolized drug particles, 
drug and excipients, quality, 
and purity

• Limited medications can be 
delivered by this route

Abbreviations: AE, adverse event; CNS, central nervous system; IM, intramuscular; IV, intravenous; SC, subcutaneous; TEAE, treatment- emergent adverse event.

TABLE 1 (Continued)

F I G U R E  1  Pathways of intranasal 
drug delivery: direct to the brain or 
following absorption into the systemic 
circulation. CSF, cerebrospinal fluid; GIT, 
gastrointestinal tract. Reproduced with 
permission from Kapoor et al.7
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midazolam was investigated for intranasal administration 
using a formulation that included a solvent or absorption 
enhancer that allowed for a small therapeutic volume but 
was associated with some nasal adverse events.42 Another 
development effort involved a highly concentrated, aqueous 
midazolam formulation (Nayzilam) for IN administration. 
This formulation utilizes several organic solvents, includ-
ing ethanol, PEG- 6 methyl ether, polyethylene glycol 400, 
and propylene glycol, to increase the solubility of midazolam 
while maintaining the pH in the range of 5– 9.10 The product 
was approved by the FDA in 2019 for the acute treatment of 
intermittent, stereotypic episodes of frequent seizure activ-
ity (i.e., seizure clusters, acute repetitive seizures) that are 
distinct from a patient's usual seizure pattern in patients with 
epilepsy aged 12 years or older.10

In a Phase 1, open- label study of this formulation in 
healthy adults, all doses of the midazolam nasal spray ex-
hibited variable absorption (62%– 73% absolute bioavail-
ability).43 Prescribing information lists the mean absolute 
bioavailability of intranasal midazolam as approximately 
44%.10

A Phase 3, randomized, double- blind study of midazolam 
5 mg nasal spray in seizure clusters included an in- clinic, open- 
label test- dose phase (two doses, 10 min apart) conducted to 
assess patient safety under observation (N = 292; age = 12– 
65 years, with 6.2% <18 years old), followed by a double- 
blind, placebo- controlled comparative phase (n = 201).44 For 
the primary endpoint (seizure termination in <10 min with 
no recurrence 10 min to 6 h afterward), the treatment success 
rate was 53.7% versus 34.3% for IN midazolam and placebo 
(p = .011). A second, open- label dose was required by 31.3% 

of midazolam- treated patients by 6 h. In the midazolam and 
placebo groups, 27.6% and 22.4% of patients, respectively, 
experienced one or more treatment- emergent adverse event 
(TEAE). Sixteen midazolam patients (5.5%) discontinued 
because of a TEAE, all during the test- dose phase, 13 owing 
to a TEAE considered treatment related (62% sedation- type, 
including sedation, somnolence, and hypersomnia).44

In an open- label extension trial, 161 patients received in-
tranasal midazolam and had 1998 seizure cluster episodes.45 
After a median of 16.8  months, TEAEs within 2  days of 
treatment were reported by 40.4% of patients, primarily 
nasal discomfort (12.4%) and somnolence (9.3%). Two pa-
tients discontinued due to nonserious treatment- related 
TEAEs (one owing to somnolence, one to treatment- related 
nasal discomfort). Overall, 57.1% of patients experienced a 
TEAE during the study, most commonly nasal discomfort 
(12.4%). Treatment success with a single dose was similar 
to the double- blind trial (55.5%) and was 80.2% after a sec-
ond dose; overall, 39.9% of seizure clusters required a second 
dose.45

A recent randomized, double- blind, placebo- controlled 
Phase 3 study of patients admitted to an epilepsy monitor-
ing unit evaluated the efficacy and safety of IN midazolam 
in patients with epilepsy who had two or more seizures in 
the 6 h preceding the trial (31 patients each in the midaz-
olam and placebo groups).46 The proportion of patients 
without seizures in the 6 h posttreatment was higher in the 
midazolam group (54.8% vs. 38.7%), but the difference was 
not statistically significant (p = .1972) compared with pla-
cebo. Safety for midazolam was generally comparable to 
placebo.46

T A B L E  2  Characteristics of absorption- enhancing agents suitable for intranasal administration39

Absorption enhancer Concentration
Mean fold increase in 
brain deliverya 

Variability of mean 
fold increase, range

Nasal mucosal 
toxicity

Chitosan .5% wt/vol 6.1 3– 11 fold No

Decyl maltoside .5% wt/vol 4.3 ND No

n- Dodecyl beta- D- maltoside 
(Intravail A3)

.25% wt/vol 7.6 6– 9 fold No

Propylene glycol 10%– 20% 4.5 4– 10 fold No

Heptakis- (3- O- methyl- 2,6- di- O- 
pentyl)- β- cyclodextrin

5% wt/vol 3.1 ND Yes

1,2 Didecanoyl- glycero- 3- 
phosphocholine

2% wt/vol (as oil 
emulsion)

9.6 ND Yes

Glycocholate 1% wt/vol 17.6 ND Yes

Taurocholate 1% wt/vol 14 ND Yes

Tauroursodeoxycholate 1% wt/vol 4 ND Yes

Source: US Patent No. 8883728 B2: Intranasal Administration of Active Agents to the Central Nervous System.
Abbreviations: ND, not done; wt/vol, weight/volume concentration.
aRepresents mean fold increase in brain delivery efficiency of nasally administered Homo sapiens- derived antibody Fc (hFc) fragment relative to control formulation 
(phosphate- buffered saline; pH 7.4 and 36 mg/ml hFc). 
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5 |  DEVELOPMENT OF 
INTRANASALLY ADMINISTERED 
DIAZEPAM

Initial investigations explored the potential of diazepam as 
an IN therapy with the aim of optimizing the rate and ex-
tent of absorption and characterizing pharmacodynamics. A 
small open- label crossover study in healthy volunteers of IN 
diazepam in a polyethylene and glycofurol- based formula-
tion versus IV diazepam showed intermediate bioavailability 
and mild central nervous system effects.20 In another healthy 
volunteer study (n = 7), the investigators used polyethylene 
glycol 300 as a vehicle to solubilize diazepam for IN for-
mulations (4 and 7 mg). Central nervous system effects of 
diazepam were measured using the P300– N100 amplitude 
difference in the electroencephalogram. For mean changes in 
P300– N100 amplitude before and after drug administration, 
significant differences were found versus placebo (placebo, 
−.9; 4 mg IN, −6.4; 7 mg IN, −8.6; p <  .05), indicating a 
significant drug effect.29 For both doses of IN diazepam, this 
effect became notable within the first 0– 2 min and was evi-
dent throughout the 12- min study period.29

Pilot studies of IN diazepam in healthy volunteers using 
a glycofurol- based formulation demonstrated comparable 
maximum concentration (Cmax) and tmax, with absolute bio-
availability ranging from 70% to 90% as compared to IV 
diazepam. However, subjects reported appreciable transient 
nasal discomfort.37,38 Taken together, these studies suggested 
that IN delivery of diazepam for seizure clusters could be a 
viable alternative to rectal diazepam if improved tolerability 

could be achieved without sacrificing rapid, high, and consis-
tent bioavailability.

Subsequently, several companies pursued development 
of an IN diazepam spray. One approach employed a glycol- 
based organic solvent, with bioavailability initially reported 
to be comparable to rectal diazepam.47 In a subsequent study, 
the formulation attained therapeutic diazepam concentrations 
in adults during the ictal or postictal phase of seizures.48 
However, development was discontinued after a study in 
patients found suboptimal nasal absorption compared with 
rectal diazepam.49 Adverse events that may have been related 
to the use of the organic solvent included dysgeusia (25.8%), 
nasal discomfort (22.6%), increased lacrimation (16.1%), 
nausea (16.1%), rhinorrhea (16.1%), somnolence (16.1%), 
oropharyngeal pain (12.9%), paranasal sinus hypersecretion 
(12.9%), and tongue injury (12.9%).48

Taken together, these formulation issues highlight the 
critical interplay among volume, bioavailability, and safety 
and tolerability to achieve a fine balance of all three factors 
to yield a viable therapeutic candidate (Figure 2).

5.1 | Diazepam nasal spray (Valtoco)

The developers of diazepam nasal spray (Valtoco) employed 
a different approach to overcome the limitations and prob-
lems noted with other IN benzodiazepine formulations. The 
design of this formulation was intended to exhibit a rate and 
extent of absorption that was comparable to or better than 
rectal diazepam gel, with less variability in bioavailability 

F I G U R E  2  Diazepam intranasal formulation challenges
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and better tolerability in terms of nasal discomfort and taste. 
The formulation includes DDM (Intravail A3; .25% weight/
volume concentration), an alkylsaccharide, and vitamin 
E.50,51 DDM enhances nasal absorption by transiently and re-
versibly loosening tight junctions between cells. In a crosso-
ver study in healthy adults, use of DDM increased the area 
under the plasma concentration– time curve (AUC) over the 
first 2 h postdose of nasally administered sumatriptan by a 
factor of two.52 DDM also has been shown to be nonirritating 
in the rabbit eye model.53 Vitamin E is used as a nonaque-
ous, nontoxic, nonirritating solvent for diazepam delivery.9 
In addition to its solubilizing properties, vitamin E protects 
against phospholipid- mediated inflammation and damage to 
the sinonasal mucosa.54,55

A randomized Phase 1 crossover study compared an IN 
diazepam (10 mg) solution and an IN suspension versus IV 
diazepam in 24 healthy, adult volunteers. Both formulations 
contained DDM and vitamin E. Absolute bioavailability was 
greater with the solution than with the suspension (97% vs. 
67%), and it was well tolerated.18 The solution exhibited 
pharmacokinetic parameters that compared favorably with a 
comparable rectal dose, including Cmax of 272 ng/ml, tmax of 
1– 1.5 h, and low variability of absorption.18

Subsequently, several open- label, randomized Phase 1 
studies using the solution formulation characterized diaze-
pam nasal spray pharmacokinetics in comparison with rectal 
and oral diazepam. A dose- ranging crossover study evaluated 
the pharmacokinetics of single doses (5, 10, and 20 mg) and 
a two- dose regimen (2 × 10 mg, 4 h apart) of diazepam nasal 
spray in 33 healthy adults.56 Single- dose median tmax was 1.4– 
1.5 h. Mean exposure appeared to be dose dependent, with 
Cmax of 85.6, 133.6, and 235.3 ng/ml, respectively, for the 5- , 
10- , and 20- mg doses. Cmax and AUC were comparable for 
the 10- mg single- dose and two- dose regimens. Somnolence 
was the most common TEAE (range = 36%– 50% for single 
doses, 61% for the two- dose regimen).

A separate study compared the bioavailability and safety 
of diazepam nasal spray versus diazepam rectal gel and oral 
diazepam as the safety reference formulation in 48 healthy 
volunteers.57 The nasal spray had a comparable tmax, but less 
variability in Cmax and AUC than rectal diazepam, with the 
percentage of geometric coefficient of variation of AUC for 
diazepam nasal spray being 42%– 66% compared with 87%– 
172% for rectal gel. TEAE rates in the three groups were 61%, 
94%, and 85%, respectively, with more than 90% of TEAEs 
being mild (primarily somnolence). No serious TEAEs or 
discontinuations were recorded.

In a separate study, Hogan et al.58 conducted an open- 
label study in 57 patients (30% were ≤16 years of age) with 
epilepsy in which diazepam nasal spray was administered 
during an ictal/peri- ictal period and an interictal period. The 
pharmacokinetic profiles from the two periods were similar. 
Seventeen patients (29.8%) reported TEAEs, and eight (14%) 

had treatment- related TEAEs. Treatment- related TEAEs 
reported in two or more patients were dysgeusia (n = 3, 5.3%) 
and nasal discomfort (n = 2, 3.5%). The investigators con-
cluded that seizure conditions (ictal/peri- ictal, interictal) had 
minimal impact on diazepam nasal spray pharmacokinetics.

The long- term safety of the diazepam nasal spray in pa-
tients with seizure clusters is being assessed in a Phase 3, open- 
label, repeat- dose study over 12 months with dose based on 
body weight.59 An interim analysis of this study included 132 
patients, aged 6– 65 years, with a total of 2274 treated seizure 
episodes. Interim results (cutoff, February 8, 2019) showed 
that the most common TEAEs were seizures (13%), nasophar-
yngitis (6%), influenza (5%), upper respiratory tract infection 
(5%), and nasal discomfort (5%; similar to the 6% rate listed on 
the label9). Dysgeusia was reported in one patient (.8%). Nasal 
adverse events were mild and transient.60 TEAEs were numer-
ically higher with frequent use versus moderate use (76.1% vs. 
61.5%).59 Retention was high, with 85.6% of patients remain-
ing in the trial at the interim cutoff, with no treatment- related 
discontinuations due to TEAEs. A second dose was required 
in 8.4% of seizure episodes (191/2274) measured within the 
same calendar day.60 Patients using clobazam61 and patients 
with seasonal allergies62 demonstrated similar safety and effi-
cacy as other patients.

Historically, IN drug delivery systems have used nonme-
tered formulations in squeeze bottles or droppers that did not 
provide a specified dose each time and could result in leak-
age.63 The type of IN device used for diazepam nasal spray 
(Unidose system, Aptar Pharma) provides a specified me-
tered dose that provides an even dispersion of droplets to en-
hance absorption.63 This type of device is used in a variety of 
conditions (e.g., diabetes, migraine, pain management, vac-
cines),63 in part due to its intuitiveness, as shown by human 
factors studies,64 ease of use in one hand, and portability, 
which allow patients who can participate in their own treat-
ment to self- administer the drug.

Diazepam nasal spray has been successfully used by pa-
tients to self- dose for seizure clusters, with the youngest per-
son doing so in a clinical trial aged 11 years.65 Patients who 
self- administered diazepam nasal spray (n = 27) were able 
to take steps to self- control their treatment and reported that 
treatment was easy to administer, convenient to carry, and 
preferable to use in a social setting compared with rectal di-
azepam. Among these patients, 994 doses of diazepam nasal 
spray were administered (10 mg, 61 doses; 15 mg, 180 doses; 
20 mg, 753 doses); the duration of exposure was ≥12 months 
for 96.3% and 6– <12  months for 3.7%.65 Diazepam nasal 
spray has demonstrated a low rate of dosing error (31/2498, 
1.2%) when used by nonmedical caregivers in children as 
young as 6  years65; there were also no reports of leakage. 
These observations suggest that administration of diazepam 
nasal spray is likely to be effective and satisfactory to the 
patient.
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5.2 | Investigational IN diazepam 
formulations

The availability of an IN diazepam product provides patients 
and caregivers with an improvement in managing seizure 
clusters. Nonetheless, even faster onset of effect and greater 
consistency in absorption are desirable. One approach is to 
use a water- soluble benzodiazepine prodrug combined with 
a converting enzyme.36,66 Such a compound is avizafone, a 
highly water- soluble prodrug of diazepam, which, when com-
bined with an exogenous converting enzyme, results in rapid 
biotransformation to diazepam.36,66 In vitro studies showed 
that avizafone given with a converting protease enzyme, but 
not organic solvents, attained a high level of supersaturation, 
enabling faster transport across the membrane than a conven-
tional diazepam solution.66

In a rat model, single IN doses of avizafone were given 
with human aminopeptidase B converting enzyme.36 IN 
avizafone, administered in single doses equivalent to diaz-
epam at .500, 1.00, and 1.50 mg/kg, resulted in rapid diaze-
pam absorption, with a tmax in brain tissue of 8 min and high 
and consistent systemic bioavailability of 77.8%  ±  6.0%, 
112% ± 10%, and 114% ± 7%, respectively. The prodrug + 
enzyme combination appeared to be well tolerated, as there 
were no inflammatory responses observed and few tissue 
changes (all minimal or mild and consistent with mechanical 
trauma related to dose administration), and there was no dose 
effect noted. Further exploration of the ideal ratio of enzyme 
to prodrug is warranted, as is development of a device to 
combine the components at time of use.36 These early prom-
ising results suggest that a water- soluble prodrug with a con-
verting enzyme holds promise for even faster termination of 
seizure cluster episodes.

6 |  CONCLUSIONS

Beginning with the introduction of diazepam rectal gel, res-
cue medications have played an increasingly important role in 
the management of seizure emergencies. In the search for al-
ternatives to rectal routes of administration, IN formulations 
have been extensively studied. The IN route offers opportuni-
ties in terms of patient acceptance, ease of administration by 
nonmedical caregivers, early treatment, and rapid onset of re-
sponse. At the same time, this route poses special challenges 
that have an impact on the choice of the benzodiazepine and 
formulation. Midazolam and diazepam IN formulations have 
recently been approved for the treatment of seizure clusters. 
There are certain differences between the products, including 
composition of the formulations, bioavailability, pediatric in-
dication, and available dosage strengths; however, no head- 
to- head studies have yet been done to assess what effect, if 
any, the differences have on safety and efficacy.

In this review, we have focused on the diazepam nasal 
spray. Given the challenges associated with nasal delivery of 
benzodiazepines, this formulation incorporated an absorption 
enhancer to improve the rate and extent of absorption and a 
solvent with low potential for tissue irritation. This formu-
lation and route of administration offer the prospect of easy 
administration, high bioavailability, a good safety profile, and 
social acceptability.18 Diazepam nasal spray achieves compa-
rable exposure when compared with rectal diazepam, which 
has proven efficacy in clinical trials.57,67 Nasal administra-
tion of diazepam provides an important treatment option that 
allows nonmedical caregivers, such as family members or 
school personnel, to treat seizure clusters,68 with the goal of 
reducing seizure cluster episodes and emergency department 
visits, while improving quality of life in people with drug- 
resistant epilepsy.
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