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Aims To characterize the pharmacokinetics and metabolism of oral midazolam in

15 preterm infants.

Methods After an oral dose (0.1 mg kgx1), blood was drawn up to 24 h after adminis-

tration. Midazolam and 1-OH-midazolam concentrations were determined with

GC-MS. In 8 out of these 15 patients the pharmacokinetics of intravenous midazolam

was also studied.

Results Apparent oral clearance, apparent volume of distribution, plasma half-life and

1-OH-Midazolam/Midazolam AUC ratio were [median (range)]: 2.7 [0.67–15.5]

ml kgx1 minx1, 1.4 [0.3–12.1] l kgx1, 7.6 [1.2–15.1], h and 0.03 [0.01–0.96],

respectively. Absolute bioavailability was 0.49 [0.12–1.0].

Conclusions Midazolam oral clearance is markedly decreased in preterm infants as

compared with older children, probably because of immature CYP3A4 activity.
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Introduction

Midazolam, a short-acting benzodiazepine, is used for

sedation in newborn infants requiring prolonged mechan-

ical ventilation and prior to invasive procedures [1]. Data

describing midazolam disposition following oral adminis-

tration in preterm infants are lacking. Midazolam under-

goes extensive metabolism by the cytochrome P450 3A

(CYP3A) subfamily to a major hydroxylated metabolite

(1-OH-midazolam) and several minor metabolites [2]. In

preterm infants, hepatic CYP3A activity is decreased,

thereby resulting in prolonged plasma clearance of mid-

azolam after intravenous administration [3]. Following

oral administration, midazolam is subject to hepatic and

intestinal metabolism by CYP3A [4]. As the ontogeny of

CYP3A activity in the small intestine appears to mirror

that observed for the liver, a decrease in the clearance of

midazolam and the rate and extent of 1-OH-midazolam

formation would be expected to occur in preterm

infants [5].

In this investigation, we examined the pharmaco-

kinetics and metabolism of oral midazolam in preterm

infants who required the drug for preprocedural sedation.

Methods

The study was conducted in 15 preterm infants with

gestational and postnatal ages ranging from 26 to 31 weeks

and 3–13 days, respectively. Mean (ts.d.) study weights

were 1076t240 g. Mean (ts.d.) Apgar scores at 1 and

5 min were 6.0t2.0 and 7.9t1.3, respectively. The

infants were recruited from the Neonatal Intensive Care

Unit of the Sophia Children’s Hospital. Patients were

excluded if they received morphine, dobutamine, dopa-

mine or any drug known to affect CYP3A4 activity, or

if they had significant underlying haemodynamic, renal,

hepatic or neurologic dysfunction. This research protocol

was approved by the Human Ethics Committee of the
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Sophia Children’s Hospital and the Network Steering

Committee of the Paediatric Pharmacology Research Unit

Network. Written, informed consent was obtained from

parents or legal guardians prior to enrolment of subjects

in the study.

Drug administration and sample collection

A single oral dose (0.1 mg kgx1) of midazolam

(Dormicum1 injection, Roche Laboratories, the

Netherlands) was given as a 0.5 ml glucose 5% solution

via nasogastric tube, followed by 0.5 ml of glucose 5% to

ensure complete drug delivery. In eight of these patients,

midazolam was also administered as a single 0.1 mg kgx1

dose in a 5% glucose solution (0.03 mg mlx1) infused over

30 min. Serial arterial blood samples (0.2 ml each) were

obtained from an indwelling arterial catheter up to 24 h

after dosing.

Analytical methods

Plasma samples were analysed for midazolam and

1-OH-midazolam by gas chromatography with mass

spectrometric detection (Hewlett Packard 6890, Agilent

Technologies Inc., Palo Alto, CA). The column used

was a J & W Scientific DB-17 EVDX [0.2 micron, 25 m

(J & W Scientific, Folsom, CA)]. Diazepam (Elkins Sinn,

Cherry Hill, NJ), 5 ml of 500 ng mlx1 solution, was added

to each sample as an internal standard and solid phase

extraction was performed using a Varian Bond Elut

Column (Varian Inc., Palo Alto, CA). The interday and

intraday coefficients of variation for the low standard

(2 ng mlx1) were less than 10% for midazolam and 1-OH

midazolam. The lower limit of quantification was

1 ng mlx1 for midazolam and 0.5 ng mlx1 for 1-OH-

midazolam using a sample volume of 0.5 ml.

Pharmacokinetic analysis

Pharmacokinetic parameters were calculated using stan-

dard noncompartmental methods. The metabolite : parent

AUC(0,t) ratio was used as a ‘surrogate’ marker of CYP3A

activity, where t is the last sampling time-point. All phar-

macokinetic analyses were performed using the Kinetica

(version 2.0, Innaphase, Inc., Philadelphia, PA, USA)

software package.

Statistical analysis

Results are expressed as meants.d. unless stated other-

wise. The relationship between age and midazolam or

1-OH-midazolam pharmacokinetics were determined

using Spearman’s rank (rs) correlation test (SPSS software

version 9.0.0, SPSS Inc., Chicago, Ill). The level of

significance accepted for all statistical analysis was P=0.05.

Results

The mean plasma concentration-time curves for mid-

azolam and 1-OH-midazolam are depicted in Figure 1.

Midazolam and 1-OH-midazolam pharmacokinetics are

summarized in Table 1. Apparent midazolam CL/F was

[median (range)] 2.7 [0.7–15.5] ml kgx1 minx1, Vss/F

Table 1 Oral midazolam calculated pharmacokinetic parameters in

preterm infants.

Midazolam 1-OH-midazolam

AUC(0,t ) (ng mlx1 h) 613 (90–2286) 68.9 (<0.01–272.6)

AUC(0,?) (ng mlx1 h) 642 (108–2465) 71.8 (1.6–305.0)#

t1/2 (h) 7.6 (1.2–15.1) NA

Vss/F (l kgx1) 1.4 (0.3–12.1) NA

CL/F (l kgx1 hx1) 0.16 (0.04–0.93) NA

MRT (h) 12.0 (3.7–22.7) NA

Cmax (ng mlx1) 64.4 (15.2–204.0) 10.3 (<0.01–22.1)

tmax (h) 2.0 (0.5–12.0) 4.0 (0.5–24.0)

AUC ratio 0.03 (<0.01–0.96)

F (%) 0.49 (0.12–1.0)

Data are expressed as: median (range), # data of four patients.

Cmax=maximal concentration of drug in plasma, tmax=time to reach

Cmax, AUC(0,t)=area under the concentration-time curve from time

zero to the last sampling time point, AUC(0,?)=area under the

concentration-time curve from time zero to infinity, t1/2=elimination

half-life, CL/F=total apparent clearance and Vss/F=apparent

volume of distribution at steady state, MRT=mean resident time,

AUC ratio=1-OH-midazolam AUC(0,t)/midazolam AUC(0,t),

F=oral bioavailability, NA=not available.
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Figure 1 Concentration-time curve of midazolam (#) and

1-OH-midazolam (%) after 0.1 mg kgx1 oral midazolam:

mean data (s.d.) from 15 and 4 patients for midazolam and

1-OH-midazolam, respectively.
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was: 1.4 [0.3–12.1] l kgx1 and t1/2 was 7.6 [1.2–15.1] h. In

9 out of 15 patients, 1-OH-midazolam could be quantified

over the entire post-dose sampling intervals.

No significant relationship was detected between age

(postnatal, gestational or postconceptual age) and mid-

azolam or 1-OH-midazolam pharmacokinetics.

Discussion

In preterm infants, midazolam CL/F following oral admin-

istration was nearly 10-fold lower than previously reported

in older children and adults (14.0–40.0 ml kgx1 minx1).

Accordingly, midazolam mean elimination half-life was

longer in our patients as compared with values reported

in older children and adults (1.9–3.2 h) [6, 7]. This

‘impaired’ midazolam elimination in preterm infants

mirrors the recognized pattern for the ontogeny of

CYP3A4 [5, 8, 9]. Moreover, in preterm infants, decreased

midazolam clearance is also observed after intravenous

administration consequent to low hepatic CYP3A activity

shortly after birth [3]. However, while intravenous

midazolam clearance mainly reflects hepatic CYP3A

activity, oral midazolam clearance is dependent on both

intestinal and hepatic CYP3A activity [4, 10]. Therefore,

the decreased midazolam clearance after oral administration

to preterm infants is in line with low hepatic ánd intestinal

CYP3A activity directly after birth. This hypothesis is

also supported by our observation that the median

1-OH-midazolam/midazolam AUC(0,t) ratio is substan-

tially lower and bioavailability higher as compared

with adults [0.43t0.03 (meants.d.) and 24–38%,

respectively [10, 11]].

Whereas midazolam elimination shows a positive

association with age over the first years of life [9], we

did not find a relationship between age (postconceptional,

gestational or postnatal) and either the CL/F or 1-OH-

midazolam/midazolam AUC(0,t) ratio within our study

cohort. This finding is in agreement with previous reports

from preterm and term newborn infants with gestational

ages ranging from 24 to 39 weeks [3, 12], which suggests

that CYP3A4/5 activity increases only marginally during

the first 2 weeks of postnatal life. The lack of a relation-

ship between metabolism and age may also be influenced

by a contribution from CYP3A7 to the metabolism of

midazolam in this postnatal period [8].

Finally, owing to the technical limitations of a small

sample volume, we were not able to measure plasma

1-OH-midazolam-glucuronide concentrations. There-

fore, the AUC ratio we report is not ‘corrected’

for glucuronidation [13]. As the ontogenic pattern of

1-OH-midazolam glucuronidation is unknown, inter-

pretation of data pertaining the use of this ratio as a

surrogate ‘marker’ of CYP3A activity should be made

with caution.
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