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Summary Intranasal therapy has been proposed as an alternative for the management
seizure emergencies. The bioavailability, dose proportionality and tolerability of a supersa
urated intranasal formulation of diazepam (DZP) solubilized in a glycofurol—water cosolve
system was investigated. Eight healthy volunteers were randomized into a single-blind, thre
way crossover study to compare 5 and 10 mg intranasal DZP doses of the investigation
formulation with a 5 mg dose of a DZP solution (DZP injectable, 5 mg/mL) administered intr
venously. Treatments were separated by a two-week washout period. Plasma samples for D
analysis were collected pre-dose and at regular intervals up to 48 h post-dose and assayed
HPLC. Visual analog scales (VAS) were used to assess tolerability (1-tolerable; 10-extreme
intolerable) and pain (1-no pain; 4-extreme pain) at predefined time points. Following the
and 10 mg doses, the median tmax were 20 and 30 min and the mean Cmax were 134.3 ±

and 247.6 ± 61 ng/mL. Estimated bioavailability was 75% for both doses. Pain scores of 2 and
2.3 were observed following the 5 and 10 mg doses; tolerability scores were 4.4 and 4.7. Pain
and tolerability scores returned to baseline within 10 h. Our formulation provided reasonable
bioavailability, but was not well tolerated.
© 2009 Elsevier B.V. All right
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Introduction
Frequently recurring seizures, prolonged seizures or status
epilepticus are recognized as seizure emergencies (Pellock,
2007). Rapid treatment of such emergencies improves out-
comes and minimizes associated morbidity (Alldredge et al.,
2001). The standard approach to treating seizure emergen-

ed.
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Intranasal diazepam

cies is intravenous administration of antiseizure medicat
in an emergency center. There is now substantial evid
that the use of an out-of-hospital medication to te
nate repeated or prolonged seizures reduces visits to
emergency department, lowers medical costs, and impr
quality of life (O’Dell et al., 2005, 2007; Driefuss et
1998; Kriel et al., 1991).

Benzodiazepines are widely used in the treatmen
seizure emergencies. When there is intravenous acc
lorazepam is considered the drug of choice for the treatm
of prolonged seizures and status epilepticus (Lowenstein
Alldredge, 1998). However, in the management of sei
emergencies outside a hospital setting, rectal admini
tion of diazepam has been employed with good succ
Although buccal and intranasal administration of benz
azepines are used in clinical practice, only rectal diaze
has been shown to be safe and effective in term
ing acute repetitive seizures in blinded, placebo-contro
studies (Driefuss et al., 1998; Cereghino et al., 19
Nonetheless, older children and adults often refuse the
because of social objections to this route of administra
(Tatum, 2002; O’Regan et al., 1996; Wilson et al., 20
Hence, many patients are effectively without benefi
an approved therapy that can be administered outside
hospital.

Availability of a fast acting intranasal treatment that
be easily administered by the patient or a caregiver w
greatly improve the management of out-of-hospital sei
emergencies. Essential characteristics for an intran
drug delivery system include a well-tolerated form
tion; administration volume of ≤0.3 mL (approxima
100—150 �L/spray/nostril); rapid, consistent absorp
and easy administration by non-medical caregivers
patients. Nasal drug delivery is well accepted a
mode of therapy for treatment of seizure emergen
(Bhattacharyya et al., 2006). Benzodiazepines, espec
midazolam, given intranasally have been studied in
eral open-label trials. These studies provide evidence
they can be easily administered, are reasonably safe,
exhibit a clinical effect comparable to rectal diaze
(Bhattacharyya et al., 2006; Scheepers et al., 2000; L
et al., 2000).

Relative to other benzodiazepines, diazepam (DZP)
certain physicochemical and pharmacological charact
tics such as high lipid solubility and a long elimina
half life that support its use in intranasal therapy (Cl
2007). Our group has developed an investigational intran
formulation of DZP. In this formulation, DZP dissolved in
cofurol is rapidly mixed with water, which is a poor solve
DZP but is fully miscible with glycofurol. With proper c
the result is a supersaturated DZP solution that is therm
namically unstable but kinetically stable for several ten
minutes. In the supersaturated state, DZP has a high a
ity, and is expected to be rapidly absorbed across the n
mucosal membrane (Hou and Siegel, 2006).

The objective of the present study was to carry

a randomized, single-blind, three-way crossover study, to
determine the bioavailability and pharmacokinetics of an
investigational formulation of DZP administered intranasally
at 5 and 10 mg as compared to a 5 mg intravenous dose.
Safety and tolerability of this investigational intranasal for-
mulation were also evaluated.
Methods

Subjects and study design

Subjects were healthy volunteers 18 years or older
provided informed consent and were compensated for
ticipation. Subjects were excluded if they were in
health, unwilling or unable to receive intranasal or in
venous medications, pregnant, smokers, allergic to DZ
had narrow-angle glaucoma. The study was approved by
Institutional Review Boards at the University of Minne
and Hennepin County Medical Center and was conducte
DaVita Clinical Research Unit (CRU) in Minneapolis.

The study utilized a randomized, single-blind, th
way crossover design to compare the pharmacokinetics
tolerability of a commercially available parental DZP ad
istered intravenously (5 mg) and two intranasal DZP d
(5 mg and 10 mg). This investigation was intended to s
as a pilot study to characterize the tolerability and pha
cokinetics of a saturated glycofurol formulation. We c
a sample size which would give us sufficient data t
exploratory analysis and understand the performance o
formulation. The sample size was based on the abilit
detect a 30% difference in AUC between nasal and in
venous administration, assuming one drop-out (Power =
˛ = .05). Eight subjects received the two intranasal and
intravenous dose of DZP with a two-week washout pe
between doses. Prior to each of the three treatments,
subject’s eligibility was reviewed. Subjects were instru
to abstain from prescription or over-the-counter med
tions beginning 24 h prior to each admission through
48 h blood draw. They were also instructed to not cons
alcoholic beverages 24 h before and after drug admini
tion study days. Subjects were admitted to the CRU w
they would remain for 10 h.

On the morning of the first day of the study, subjects w
randomized to receive a 5 mg intranasal, or 10 mg intran
or 5 mg intravenous dose of DZP. Subjects were blinde
the dose of the intranasal treatment, as both doses invo
administration into two nostrils. For the 5 mg dose, a con
solvent was administered in the second nostril wherea
the 10 mg dose, subjects received 5 mg of the formula
in each nostril to maintain the blind and study condit
Each subject had an indwelling catheter placed in he
arm. All doses were administered while the subjects w
in the supine position.

Study drugs

The intravenous formulation used in this study was
commercially available parental DZP (diazepam injecta
5 mg/mL, USP). The intravenous drug was acquired by
CRU. The injectable DZP was stored as per the appr
labeling in a secure location.

The intranasal DZP formulation was a freshly prep

supersaturated solution containing 40 mg/mL DZP in a
60—40% (v/v) cosolvent mixture of glycofurol and water (Hou
and Siegel, 2006). The intranasal dose was administered as
5 mg dose (0.125 mL) using a 1-mL syringe, with the sub-
ject lying in the supine position such that the 5 mg dose was
instilled in one nostril, with a cosolvent blank of equal vol-
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Figure 1 Mean plasma diazepam-concentration time profi
(0—4 h). Inset shows the complete profile (0—48 h).

ume instilled in the other nostril. The 10 mg dose was divid
into two equal volumes and instilled into each nostril.

Drug assay

Blood samples (5 mL) were collected prior to dosing and
the following time points following instillation: 0, 1, 5, 1
15, 20, 30, 45 min, and 1, 1.5, 2, 3, 4, 6, 8, 10, 24 and 48
Plasma was immediately separated, transferred to polyeth
lene tubes, and frozen pending analysis by HPLC.

To prepare a sample for HPLC, the sample was thawe
and an aliquot was transferred to a 12 mm × 75 mm gla
tube. Following addition of NaOH (200 �L, 0.05 N) and t
internal standard lorazepam (200 �L, 1 mg/mL), the so
tion was mixed well. DZP and lorezepam were extracted
pouring 2 mL ether into the tube, vortex mixing for 1 m
and centrifugation at 2000 rpm for 10 min and then by free
ing the bottom portion of the tubes. A 200 �L sample of t
organic layer was collected and evaporated until dry w
nitrogen at 34 ◦C.

HPLC analysis was carried out by dissolving the residue
200 �L of the HPLC mobile phase, consisting of 40% aceto
trile and 60% phosphate buffer (pH 6.0). After 30 s of vort
mixing, 50 �L of the sample solution was injected into
Agilent 1100 series HPLC system with a C4 column. Flo
rate of the mobile phase was 0.5 mL/min and the injecti

volume was 50 �L.

Standard curves were prepared over a range of 5 ng/mL
to 500 ng/mL and quality control DZP samples containing 15
(low), 50 (medium) and 250 ng/mL (high) were prepared sep-
arately with blank human plasma. Standards for DZP were
analyzed on separate days and the mean coefficients of vari-
after intravenous and intranasal administration in eight subje

ation were 5.8% and 6.5%. The mean coefficients of variati
for the intraday variation of the DZP quality control samp
were 7.7%.

Pharmacokinetic analysis

DZP concentration—time data were analyzed using a no
compartmental pharmacokinetic approach with WinNonL
software (version 5.2; Pharsight Corporation, Mountain Vie
CA, USA). The terminal rate constant (�z) was determin
from the slope of the terminal log-linear portion of t
plasma concentration-time curve, and the terminal half-l
(t1/2) was calculated as ln 2/(�z). Maximum plasma conce
trations (Cmax) and time to maximum concentration (tm

were determined by direct observation of the data. The ar
under the concentration—time (AUC) curve to the last no
zero plasma concentration (Clast) that was above the low
limit of quantification was calculated as AUClast. The ar
under the concentration—time curve extrapolated to infi
ity (AUC0—∞) was calculated as AUClast + (Clast/�z). To asse
initial exposure after intranasal administration, area und
the concentration—time curve was determined at vario
time points in the first few hours (AUC0—t h).

Means and standard deviations for the parameters we
also obtained using the descriptive statistics tool in WinNo
lin version 5.2.
Safety and tolerability assessment

Safety was assessed based on the frequency of adverse
events and serious adverse events, changes in vital signs, and
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Table 2 Mean AUCIN/AUCIV ratios (%) at different time
points after intranasal administration of 5 mg and 10 mg
diazepam to eight healthy volunteers.

AUCIN/AUCIV (%), time (h)

IN dose 1 h 4 h 48 h 0—∞

c
d
s
d

s
v
1
1
a
f
f
p
t
w
r
t
s
c

S

F
o
d
s
A
s
g
a
b

R

P

E
y
in
t
T
w
it
(
in
a
t

5 mg 47 67 70 75
10 mg 42 65 68 74
p-Valuea 0.318 0.473 0.414 0.403

a p-Values from the comparison between the two doses.

hanges in the physical examination findings for the entire
uration of the study. Vital signs were measured once during
creening, one time on each of the 3 dosing days and the last
ay or the study close out day.

Using a 10-point Global Tolerability Analog Scale, each
ubject rated overall tolerability of the intranasal and intra-
enous doses at 5 min prior to drug administration and 0, 5,
5, 60 min and 10 h after drug administration. A score of
0 was considered the extremely intolerable. This scale is
nalogous to visual analog scales (VAS) and has been adapted
rom a previous study evaluating the tolerability of a nasal
ormulation (Dingemanse et al., 2000). Subjects also com-
leted a pain and subjective discomfort questionnaire for
he intranasal administrations. Using a 4-point analog scale
ith 4 representing extreme pain or discomfort, subjects

ated specific pain characteristics: burning, stinging, and
hrobbing at −15, 0, 5, 15 and 600 min. A composite pain
core was calculated as the average of scores for the 3 pain
haracteristics.

tatistical analysis

or each variable, the data were analyzed using an analysis
f variance (ANOVA) appropriate for data from a crossover
esign. Among the effects included in this ANOVA are
equence, subjects within sequence, treatment, and period.

test of the sequence effect using the subject within
equence effect as an error term was performed to investi-
ate the presence of carryover. Significance was determined
t the ˛ < 0.05 level. Dose proportionality was determined
y using the confidence interval criterion.

esults

harmacokinetics

ight subjects (6 male and 2 female; mean age, 28.3
ears) were enrolled and completed the study. As shown

Fig. 1, DZP concentrations rise rapidly and are main-
ained for several hours following intranasal administration.
here was a linear increase in Cmax and exposure (AUC0—t)
ith DZP dose reflecting approximate dose proportional-
y (Table 1). Both tmax (median range, 20—30 min) and t1/2

mean range, 49.1—57.0 h) were comparable following the
tranasal doses. Table 2 shows the ratio, expressed as
percent, of drug exposure after intranasal administra-
ion relative to intravenous dose at different time points.
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Figure 2 Comparison of mean global tolerability scores af
IN administration (n = 8). Baseline scores were zero (0) for
subjects.

Crossover, sequence or period effects were not sign
cant.

Safety and tolerability

No unanticipated adverse events were reported by subjec
following intranasal administration of DZP. All subjects, ho
ever, reported swallowing a portion of the intranasal dos
There were no observed clinically significant abnormalit
in vital signs or ECG measurements and no clinically releva
changes in laboratory parameters during the study.

Immediately after intranasal administration, subjec
reported an average global tolerability score of 4.4 a
4.7 for the 5 mg and 10 mg DZP doses, respectively. With
15 min, scores decreased to 3.0 and 2.5 respectively, a
returned to baseline by 10 h (Fig. 2). Differences in scor
between the two doses were not statistically significan
suggesting absence of drug effect on tolerability and th
the discomfort was primarily due to the vehicle.

Subjects rated the formulation at both the 5 mg a
10 mg doses as causing considerable pain with scores
2.0 and 2.3 out of 4 respectively, immediately follo
ing intranasal administration. Fifteen minutes later, t
composite pain score for both doses were 1.8 and 1.3 respe
tively, and the scores returned to baseline by 10 h. Poster
nasal drainage and watery eyes were reported by all su
jects.

Discussion

The aim of this study was to evaluate the pharmacokinet
and tolerability of an investigational, supersaturated fo
mulation of DZP administered intranasally at two dose
The results demonstrate that the formulation is rapid
absorbed with good, but incomplete bioavailability. On
Cmax is attained, concentrations plateau for several hou
before declining. However, the formulation caused cons

erable discomfort immediately following administration and
was poorly tolerated. Two subjects reported tolerability
scores of 8 up to 15 min, indicating significant discom-
fort.

Given limited resources, we chose to maximize the num-
ber of subjects and limit blood sample collection to 48 h,
V.D. Ivaturi et

or approximately one DZP half-life. The estimated DZP ha
life is consistent with previous reports in healthy voluntee
which provides external validation of the pharmacokine
parameters determined in our study (Cloyd et al., 199
Nevertheless, the estimates for Cmax, AUC, bioavailabil
and dose proportionality are less precise than would ha
been the case with a longer sampling period and more su
jects. The 90% confidence intervals for difference in the l
transformed parameters of Cmax (0.74, 1.36) and AUC0

(0.73, 2.07) for the 5 mg and 10 mg doses fell outside t
accepted range for dose proportionality (0.80-1.25—, wh
AUC0—last (0.88, 1.16) was within the range (Table 1). T
average bioavailability, F, was 75 and 74% for the 5 and 10 m
doses respectively. Although intranasal administration pr
vided rapid drug levels in the body, these levels appeared
be sustained for a long time after dosing. The maintenan
of these levels is reflected by exposure in terms of part
bioavailabilities at various time points as shown in Table
The results for exposure in the first 60 min were comparab
with the results demonstrated previously by Lindhardt et
(2001).

The pharmacokinetic parameters obtained followi
intranasal DZP in this study are consistent with tho
reported in previous investigations in healthy voluntee
although the sampling period in these studies was su
stantially shorter. Gizurarson et al. (1999) compared
intranasal 2 mg dose of a 20 mg/mL DZP solution dissolved
5% glycofurol in polyethylene glycol 200 with the same do
given IV. Blood samples were collected for 5 h following dr
administration. The mean bioavailability was 50.4 ± 23.
with a tmax of 18 ± 11 min. Gizurarson reported that all su
jects complained of nasal discomfort immediately followi
drug administration which resolved within 30 min. Lindhar
et al. evaluated an intranasal DZP formulation in polyeth
lene glycol 300 in 7 healthy volunteers. Using a crossov
design, they compared 4 and 7 mg intranasal doses w
a 5 mg intravenous dose and collected blood samples f
60 min after drug administration. They reported a ratio
dose normalized AUCIN/AUCIV in 60 min to be 45 and 42%
Cmax of 99 and 179 ng/mL and a tmax of 18 and 42 min f
the 4 and 7 mg doses, respectively (Lindhardt et al., 200
Slattery and Lau, using a 10 mg dose of DZP dissolved in Cr
mophor EL, reported a Cmax of 175 ng/mL and a tmax of
(Lau and Slattery, 1989).

Our preliminary data regarding intranasal DZP adm
istration compares favorably with studies involving rec
administration. Milligan et al. (1982) administered a 20 m
rectal dose of a DZP solution to 10 adults with epilep
and then recorded changes in EEG spike counts and me
sured DZP concentrations. They found that the onset of
reduction in spike counts occurred approximately 15—20 m
following drug administration and was associated with a D
concentration of approximately 200 ng/mL. Both DZP co
centrations and the pharmacodynamic effect were sustain
for 3 h. A bioequivalence study comparing an 7.5 mg IV do
of DZP injectable solution with a 15 mg dose of a comme

® ®
cial rectal formulation (Diastat ) found that Diastat had a
mean absolute bioavailability of 90% and reached an initial
peak concentration of approximately 375 ng/mL at 45 min
(Cloyd et al., 1998). In comparison to the studies with rectal
DZP, our investigational intranasal formulation attained con-
centrations greater than 200 ng/mL at 15 min following the
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10 mg dose, and an estimated relative bioavailability
IN/AUC Rectal) of approximately 83%.

All subjects reported swallowing a portion of the
after intranasal administration. With intranasal admini
tion there is often some fraction of a dose that is swallo
and consequently not absorbed in the nose. As there is
time for the gastrointestinal absorption, secondary p
appear in the concentration—time profile at later ti
which in some subjects, were higher than the initial pe
Such a double peak phenomenon was observed in all
jects, with 3 out of the 8 subjects showing secondary p
with a Cmax higher than the initial Cmax. This contribute
highly variable estimates of tmax after nasal administra
(Table 1). The double peaks also occur with rectally ad
istered diazepam (Remy et al., 1992). Further modelin
the absorptive processes to assess fractions of dose abso
via each phase (1st peak and 2nd peak) of absorption w
provide information useful in the optimization of a DZP n
delivery system. Diazepam exhibits highly variable pha
cokinetics (Kaplan et al., 1973; Schmidt, 1995). In addi
intranasal administration itself being a delivery route w
may provide wide variability in drug disposition toge
with the method of administration of the medication in
study and small sample size, may have contributed to h
variable pharmacokinetics.

The tolerability scores indicate that the intranasal
mulation caused considerable, but transient, pain. Sim
findings have been reported in other intranasal DZP s
ies as well as with intranasal midazolam (Bjorkman et
1997; Ivaturi et al., 2009; Loftsson et al., 2001). Co
ering the severity of the clinical situation, the benefi
intranasal DZP may supersede the discomfort. We think
it is necessary to improve the tolerability in order to en
acceptance of this mode of therapy.

The formulation used in this study was designe
maximize the concentration of DZP in order to limit
administered volume of solution. No efforts were mad
optimize tolerability. Tolerability would probably incr
with higher relative water content, using the same
and total drop volume, as would the driving force for
permeation. However, increased water content reduce
kinetic stability of DZP, and could cause earlier pr
itation, cancelling the benefit of using a supersatur
formulation (Hou and Siegel, 2006). It is also recogn
that the influence of glycofurol on the integrity of the n
mucosa is not presently understood, and that irritatio
glycofurol may affect permeation of DZP across the n
membrane.

However, our results offer evidence that intran
administration of DZP exhibits good bioavailability
rapid attainment of DZP concentrations and mainten
of levels for several hours that have previously been sh
to be safe and effective when DZP is given rectally.
pilot study supports further development of an intran
DZP formulation with improved tolerability and bioavail
ity.
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