Absolute bioavailability of midazolam after subcutaneous
administration to healthy volunteers
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Aims Midazolam is given intravenously for induction of anaesthesia and conscious
sedation and by subcutaneous infusion in patients in palliative care units. The
objective of the present study was to determine the absolute bioavailability of
subcutaneous midazolam and its pharmacokinetics in young, healthy, male
volunteers.

Methods Eighteen volunteers were given single doses of 0.1 mg kg™' midazolam i.v.
and s.c. after a wash-out period of 7-15 days in an open-label, randomized, cross-
over study. Blood samples were collected up to 12 h post-infusion. Plasma concen-
trations of midazolam and of its two metabolites, 1"-OHM and 4-OHM, were
assessed using an h.p.l.c.-MS method (LOQ 0.5 ng ml™ for each analyte). Vital signs,
cardiac parameters and oximetry were monitored. Local tolerance was determined
and adverse events were also monitored.

Results After  s.c. 051+0.18h and
127.8 £29.3 ng ml! (mean £ s.d.), respectively. No statistically significant difference
was detected in AUC(0,00) after i.v. and s.c. administration. The mean (£s.d.)
absolute bioavailability of subcutaneous midazolam was 0.96 (£0.14) (CI 0.84,
1.03). Mean (ts.d.) i, was similar after s.c. (3.2 (£1.0) h) and i.v. infusion
(29 *0.7) h), although a statistically significant difference was reached
(P<0.05). Mean CL and I/ of i.v. midazolam were 4.4+ 1.0 ml min' kg and
1.1 £ 0.2 1 kg' (mean £5s.d.), respectively. Plasma concentrations of 1’-OHM were
higher than those of 4-OHM. Few mild and transient adverse events were noted
and there were no clinically significant effects on EEG, blood pressure and laboratory
parameters.
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Conclusions This study has shown that subcutaneous midazolam has excellent bio-
availability and that administration of midazolam by this route could be preferable
when the intravenous route is inappropriate.
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much lesser extent. The metabolites are eliminated as

Introduction

Midazolam (Hypnovel®, Roche) is a water soluble ben-
zodiazepine which is characterized by rapid onset and
short duration of action. Midazolam is largely used in
clinical practice for induction of anaesthesia and for seda-
tion of patients in intensive care units [1, 2]. Midazolam
is rapidly and extensively metabolized almost exclusively
by CYP3A isoforms [3, 4] and its main metabolite is
1’-hydroxymidazolam (1’-OHM). Two other hydroxy
metabolites 4-hydroxymidazolam (4-OHM) and 1°, 4-
dihydroxymidazolam are also formed, although to a
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glucuronoconjugates and are thought not to be pharma-
cologically active. However, it has been suggested that
the conjugate of 1’-OHM may contribute to sedation on
accumulation in patients with renal failure [5].

The pharmacokinetics of midazolam have been evalu-
ated following administration by various routes and under
different subject conditions. Its bioavailability (F) has
been shown to vary widely with the route of adminis-
tration, with mean values of about 40%, 52%, 75%, 83%
and 85% being reported for the oral [6, 7], rectal [8],
buccal [9], nasal [10] and intramuscular [11] routes,
respectively. In one study [12], interindividual oral bio-
availability was reported to range from 31 to 72%, prob-
ably because of the involvement of CYP3A in midazolam
metabolism. Large interindividual variation in both the
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content and activity of the CYP3A subfamily occur in
humans [13]. The pharmacokinetics of midazolam are
not influenced by age, although elderly subjects are more
sensitive to its effects than young adults [14, 15]. Volume
of distribution has been reported to be significantly
higher and elimination half-life to be longer in obese
subjects compared with control subjects of normal
weight, whereas oral bioavailability does not difter
between the two groups [16]. In addition, variability in
midazolam pharmacokinetics can be accounted for, at
least partially, by differences in renal [17] and liver [18]
function.

In palliative care units, midazolam is commonly
administered by subcutaneous infusion over a dose
range of approximately 10-60 mg day™', often associated
with morphine [19]. Under conditions of continuous
subcutaneous administration, a significant correlation was
found between midazolam dose and steady-state
plasma concentration [20]. Following an infusion of
20 mg day!, a mean steady-state plasma concentration
of 39 ng ml"' was found (range 22-71 ng ml™'; n=4).
However, the absolute bioavailability and pharmacokinet-
ics of midazolam after subcutaneous administration have
not been reported.

The purpose of this study was to determine the bio-
availability and characterize the pharmacokinetics of
midazolam after subcutaneous and intravenous injection
in young healthy male volunteers.

Methods
Subjects

Nineteen healthy male volunteers between 18 and
31 years of age (24.2 & 3 years, mean * s.d.; body mass
index 18-30 kg m™) participated in this study. One sub-
ject dropped out after the subcutaneous injection (first
sequence) because of withdrawal of consent. None of
the subjects had clinical evidence of significant gastro-
intestinal, renal, respiratory, endocrine, haematological,
neurological, psychiatric or cardiovascular system abnor-
malities. Subjects who had a known or suspected history
of alcohol or drug misuse or a positive urine drug screen
were excluded from entry, as were those who had
donated blood within 3 months of entry or those
according to the ‘Fichier National des
Volontaires’ (French National Database for Volunteers).
Subjects who reported smoking 10 cigarettes day™' or
more, who were excessive consumers of caffeine or
methylxanthine drinks or who had taken medicines, with
the exception of paracetamol, within 2 weeks of the start

excluded

of the study were also excluded.
The study was conducted in accordance with the prin-
ciples stated in the Declaration of Helsinki, in compli-
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ance with the Good Clinical Practice and ICH
Guidelines and in agreement with the French law (loi
Huriet) for clinical trials without direct benefit. The
study protocol was approved by the Institutional Ethics
Committee, CCPPRB (Comité Consultatif des Person-
nes se Prétant a la Recherche Biomédicale), of Brest.
All subjects gave written informed consent prior to
participation.

Protocol

This was an open-label, randomized, two-period cross-
over study. All volunteers were screened by medical his-
tory, ECG, laboratory and physical examination and
urine drug analysis. In each study period, subjects were
admitted to the study site 12 h before drug administra-
tion. Each treatment period was 24 h in duration from
midazolam administration. A drug-free washout period
of 7-15 days was observed between the two sequences.
On each study period, baseline measurements (routine
physical examination, weight and vital signs) were
obtained upon admission. A urine drug screen was also
performed. The following morning, after a 12 h fast,
subjects were given a 0.1 mg kg dose of midazolam
(1 ml vial dosed 5 mg ml! available in France) by intra-
venous (antecubital vein) or subcutaneous (abdominal
area) injection over 5 min in both cases using an electric
infusion pump. After drug administration, the subjects
remained fasting from food and fluids for a further 3 h.
Arterial blood pressure and heart rate were monitored
pre-dose, at the end of infusion, every 5 min from the
end of the infusion up to 40 min, then at 50 min, 1, 1.5,
2,25, 3,4, 6 and 12 h post-infusion. Respiratory rate
was monitored post-dose, at the end of the infusion, then
15, 30 and 45 min, 1, 1.5, 2, 3, 4 and 12 h post-infusion.
Cardiac monitoring and oxymetry were performed con-
tinuously from pre-dose up to 4 h post-dose. Local tol-
erance was determined at the end of the infusion and
1 and 4 h post-infusion. Following drug administration,
blood samples were collected at specific intervals for the
next 12 h. The subjects were discharged from the study
site the following morning after clinical examination,
vital signs and ECG determination and laboratory inves-
tigations except for serology and urine drug screen. The
occurrence of adverse events was monitored throughout
the study period. For each subject, an intensive care
practitioner was present from the start of injection up to
2 h post-injection.

Sample collection and analysis

Venous blood samples (5 ml) were collected prior to drug
administration, at the end of infusion and then 5, 10, 20,
30, 40, 50 min and 1, 1.25, 1.5, 1.75, 2, 3, 4, 6, 8, 10
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and 12 h after the end of infusion for the intravenous
route. The same time course for sample collection was
followed for the subcutaneous administration except that
blood was not collected at 5 min and 1.75 h. Blood was
collected into lithium, heparinized Vacutainer tubes, cen-
trifuged immediately (1730 ¢, 10 min) at 4 °C and two
2 ml aliquots of plasma were placed in polypropylene
tubes and stored at —20 °C until assayed.

Plasma concentrations of midazolam and of its metab-
olites 1’-OHM and 4-OHM were measured by a specific
and selective high-performance liquid chromatography-
tandem mass spectrometry method [21] with substantial
modifications: a Symmetry Cp, 5 um (50 X 1 mm 1. d.)
column (Waters, France) was used; the mobile phase,
delivered at a flow rate of 45 ul min™ at room temper-
ature was a gradient of acetonitrile in 2 mM ammonium
formate (20% acetonitrile for 0.5 min increasing to 70%
in 3 min, stable at 70% for 1 min, increasing to 90% in
0.5 min, stable at 90% for 2.5 min then decreasing to
20% in 1 min). Detection was performed using an API
2000 spectrometer (Sciex, Concord,
Canada) equipped with a Turboionspray® source. Data
acquisition was made in the positive ion mode with the
following settings; ionspray voltage 5800V, nebulizer
temperature 325 °C, declustering potential optimized for
each analyte (midazolam + 86V, 1"-OHM + 66V, 4-
OHM + 76V, internal standard (I.S.) methylclonazepam
+ 20V). Mass spectometry detection was carried out in

tandem mass

the multiple reaction monitoring mode using one tran-
sition for each analyte: midazolam 326.1 — 291.2,
1"-OHM 342.1 — 324.2, 4-OHM 342.1 — 325.0, LS.
330.1 — 284.2. Sample preparation was also modified
to allow 4-OHM extraction with good recovery.
Briefly, 500 pl plasma, 50 ul of a 1 mgl' solution of
internal standard in deionized water and 200 ul of 0.5 M
carbonate-hydrogencarbonate pH 9.5 buffer were suc-
cessively added in glass tubes. After vortex mixing, the
mixture was deposited on Extrelut NT 1 extraction car-
tridges (Merck, Darmstadt, Germany) and left to perco-
late for 15 min at room temperature. Elution was
performed using 6 ml of diethyl ether/2-propanol (98:
2; v/v) mixture, the organic phase was evaporated to
dryness and dissolved in 100 pl acetonitrite/pH 3
ammonium acetate (40: 60; v/v). Midazolam, 1'-OHM,
4-OHM and methylclonazepam supplied by
Roche, Basel, Switzerland.

The within-day and between-day precision and
accuracy as well as linearity were evaluated over the
0.5-500 ng ml™" concentration range. The within-day and
between-day coefficients of variation were lower than
15% at all concentrations. Concentrations were inter-

were

polated from calibration curves shown to be linear from
0.5 ng mlI"'=500 ng ml~'". The limit of detection defined
as the concentration giving a chromatographic peak of
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at least three times the average background noise was
0.2 ng ml'. The limit of quantification (LOQ) was set at
0.5 ng ml! for midazolam and its two metabolites.

Pharmacokinetic analysis

) and
the time to C,,, (f..) were obtained directly from the
concentration-time data. For subjects with more than
one peak, f,.
highest peak occurred. The terminal rate constant (A,)
and corresponding terminal plasma half-life (t,,,) were
calculated following inspection of the data. The terminal
phase was assessed subjectively over the final four to six
sampling points with a measured concentration equal or
above the limit of quantification. The terminal rate con-
stant was determined by linear least squares regression
(WinNonlin V.I.I) using logarithmically transformed

The maximum drug concentration in plasma (C,

max,

was defined as the time at which the

points in the terminal phase. The area under the plasma
concentration curve (AUC) for the time at which the
final measurable concentration was obtained (AUC(0,1))
was calculated by the linear trapezoidal rule with ¢, at
the time of starting the infusion. The AUC from the final
time point to time infinity (AUC(f,o0)) was estimated
as the ratio of the final measurable concentration to A,.
The total area under the concentration-time curve
(AUC(0,00)) was calculated by addition of AUC(0,f) to
(AUC(t,00). The terminal plasma half-life (t,,) was calcu-
lated from (In2)/A,. The absolute subcutaneous bioavail-
ability (F) was calculated from:

AUC, .
AUC,

F =

Clearance (CL) and the volume of distribution (1) after
intravenous administration were calculated from Dose/
AUC(0,00) and CL/A,, respectively.

Number of subjects and statistical analysis

The main purpose of this study was to determine the
absolute bioavailability of subcutaneous midazolam. In
the absence pharmacokinetic data on
midazolam given subcutaneously, the estimation of the
number of subjects to be included in this study was
based on data obtained after intravenous infusion. From
data published in references [6] [9], and [12], the mean
value (and standard deviation s.d.) of AUC for the
0.1 mg kg™ intravenous dose of midazolam was estimated
as being 340 £ 110 ng ml™" h. Assuming a bilateral 95%
confidence interval (CI) and a 15% precision (that is to

of relevant

say 51 ng ml™" h) for AUC after intravenous midazolam
and a similar precision for the AUC value after subcuta-
neous midazolam, the number of subjects (1) for the
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determination of a mean AUC value with 5% o risk is
18 (n=4x 1102 x 1.96%/(2 X 51)> [22]).

All pharmacokinetic parameters were summarized
using descriptive statistics. These parameters (except f,

max

and t,,) were log-transformed and subjected to analysis
of variance (except f,.). A mixed model was used with
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Figure 1 Plasma concentration-time curves of midazolam (1a)
and its metabolites 1"-OHM (1b) and 4-OHM (1¢) following
intravenous (O) and subcutaneous (@) administration of a

0.1 mg kg™' dose of midazolam (mean * s.e.mean). When the
analyte was not quantifiable in all samples, the number with
concentrations higher than the LOQ (0.5 mg ml™) is given.
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factors of subject, sequence, period and way of adminis-
tration. Bioequivalence was evaluated by examining
whether the 90% CI of the AUC ratio was within the
20% bioequivalence interval 0.8—1.25. For analyses con-
ducted on a logarithmic scale, point estimates and dif-
ferences between routes of administration resulted in

geometric means, and ratio estimates were back-
transformed. ¢, was analysed using the Wilcoxon rank
sum test.
Results

There were no clinically significant changes in any safety
assessment during the course of the study. Regarding
oximetry, 13 desaturation episodes were noted in four
subjects of which nine occurred after intravenous injec-
tion. In one subject, three episodes lasted more than
1 min (5, 6 and 8 min). Local tolerance to subcutaneous
administration was generally good. In one subject, mod-
erate erythema was observed, which disappeared in less
than 1 h. Mild erythema and local pain were noted, more
frequently (9 vs 2 subjects) after subcutaneous injection.
Headache and palpitation of mild intensity were also
reported, each in one subject. All these effects except for
palpitation were considered to be related to midazolam.

The mean (s.e. mean) plasma concentration vs time
curves for midazolam and its two metabolites 1"-OHM
and 4-OHM after intravenous and subcutaneous infu-
sions are shown in Figure 1. Midazolam concentrations
were above the LOQ at all sampling times for both routes
of administration. For 1’-OHM, more than half of the
plasma concentrations were below the LOQ at the end
of the intravenous and subcutaneous infusions. Therefore,
the mean value at this time was taken as zero. For 4-
OHM, the mean plasma concentration was also taken as
zero for the same reason at the end of the infusion and
at 8, 10 and 12 h post-dose for the intravenous route,
and at the end of perfusion and 10 min, 10 h and 12 h
post-dose for the subcutaneous route. For the time points
at which more than half but not all plasma concentrations
were determinable, the mean plasma concentration value
was calculated assuming zero for the samples with plasma
concentrations below the LOQ. Mean (% s.d.) AUC(0,0)
values after intravenous and subcutaneous injection were
65.6 (£27.8) and 61.2 (£28.7) ng ml' h for 1”-OHM
and 11.7 (£ 3.5) and 12.6 (£ 4.2) ng ml-' h for 4-OHM,
respectively.

Pharmacokinetic parameters for midazolam are dis-
played in Table 1. Midazolam was rapidly absorbed after
subcutaneous infusion with a f,  value of 0.51h
(£0.18). C,.. was 577.7 (£261.6) ng ml" after intra-
venous injection and 127.8 (+ 29.3) ng ml™! for the sub-
cutaneous route. The terminal plasma half-life ¢, was 2.9
(*0.77h and 3.2 (*1.0)h for the intravenous and
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Table 1 Pharmacokinetic parameters for midazolam after
intravenous and subcutaneous administration of a 0.1 mg kg™ dose
to healthy volunteers (n = 18) over 5 min. Values are geometric
means (£s.d.).

Pharmacokinetic parameters i.v. route s.C. route

C (ng ml™) 557.7 (261.6) 127.8 (29.3)%%*
max () 0. 10 0.03) 051 0.18)***
tuz (h) 1.0)%

(
(
7) 2
AUC(0,7) (ng ml™' h) 350 4 (71.8)
(
6 (1

(

9 (0.
383 8 (81.9)

(

AUC(0,%0) (ng ml™! h) 400.1 (93.7) 379 1 (88.2)
F (%) 4)
CL (ml min™! kg™ 4.4 (1.0 -
V(1 kg™ 1.1 (0.2) -

Statistically significant difference between the two ways of administra-
tion was established using ANOVA (C,

maxe 11/5) or Wilcoxon rank sum
test (£,,) (P < 0.05, ¥**P < 0.0001).

subcutaneous infusion, respectively. Compared with
route, C,. was statistically lower
(P < 0.0001) after subcutaneous administration, whereas
faa and t;, were statistically higher for the latter route of
administration (P < 0.0001 and P < 0.05, respectively). In
contrast, no statistically significant difterence was detected

in AUC(0,00) after intravenous and subcutaneous admin-

the intravenous

istration. The absolute bioavailability of subcutaneous
midazolam was found to be 96% (min 70%, max 122%,
CV 14.9%, CI 84%, 103%). Mean clearance and volume
of distribution following intravenous midazolam were
found to be 4.4+ 1.0 ml min~' kg and 1.1 £0.21kg",
respectively. Determination of the 90% CI of the geo-
metric mean AUC(0,00) s.c./AUC(0,0) 1.v. ratio showed
bioequivalence of the subcutaneous and intravenous
administration of a 0.1 mg kg dose of midazolam in
healthy volunteers (ratio 0.95; CI 0.83, 1.01 within the
CI limits 0.80, 1.25 for a 20% bioequivalence).

Discussion

Use of a high-performance liquid chromatography-
tandem mass spectrometry method allowed the detection
of midazolam plasma concentrations up to 12 h after
intravenous and subcutaneous injection of a 0.1 mg kg™’
dose. A mean value for C,,,. of 127.8 ng ml™" was found
after subcutaneous midazolam, which was markedly
higher than that reported previously (27 ng ml™) [23]
using half this dose. The mean time to maximum plasma
concentration for midazolam (¢,,) after subcutaneous
infusion was about 31 min, equal or similar to values
reported after oral (22-55 min [6, 7]), rectal (31 min [8]),
buccal (30 min [9]), intramuscular (20 min [11]) and
intranasal (20-25 min [24, 25]) administration to adults.
A shorter ¢,

midazolam in children [2

value, 10 min, was found after intranasal

6]. The terminal half-life fol-
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lowing intravenous and subcutaneous midazolam was
similar (2.9 h i.v. s 3.2 h s.c.) and in line with most
reported values whatever the route of administration
(range: 1.7-3.7 h). AUC(0,e0) after intravenous infusion
(400 mg ml™" h) was in good agreement with values
reported previously [6, 8, 12] (range 270-367 ng ml™' h).
Mean values for clearance (4.4 ml min~' kg™') and volume
of distribution (1.2 1kg™) for intravenous midazolam in
this study are in the range reported previously (CL 4.1—
6.4 ml min~' kg! [6-12, 14, 15, 25, 27], V' 0.7-1.3 kg
[6-8,12, 14, 15, 27, 28] in young healthy volunteers.
In one study [16], however, CL and 17 after 5 mg kg™
intravenous midazolam were outside this range with
values of 8.6 ml min~' kg and 1.7 l kg, respectively.
Taken together, the present pharmacokinetic data are in
good agreement with those previously reported for
midazolam.

The absolute bioavailability (F) of subcutaneous mida-
zolam was found to be high (96%), with wide although
acceptable interindividual variations. F after subcutaneous
midazolam is clearly higher than after oral (range of mean
value 36-52% [6, 7, 12, 16, 28], buccal (74.5% [9]), rectal
(52% [8]) administration and intramuscular injection
(85% [11]). Large variations in I between 50% [25] to
83% [10] have been reported after intranasal administra-
tion. Because of its high bioavailability, subcutaneous
administration of midazolam is an attractive alternative
to the intravenous route particularly in palliative care.
Finally, comparison of the geometric mean AUC(0,o)
values after subcutaneous and intravenous administra-
tion of a 0.1-mgkg! dose of midazolam showed
bioequivalence.

In conclusion, the pharmacokinetic data presented in
this study demonstrate a high bioavailability and repro-
ducible plasma concentrations after subcutaneous mida-
zolam and suggest preferential use of this method of
administration in patients in whom the intravenous route
i1s not appropriate.
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