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Agnieszka Kamińska a, Hanna Billert d, Damian Szczesny b, Czesław Żaba e, Artur Teżyk e,
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e Department of Forensic Medicine, Poznan University of Medical Sciences, Poznań, Poland
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A B S T R A C T

Background: This study evaluates the time-of-day effect on midazolam and 1-OH midazolam

pharmacokinetics, and on the sedative pharmacodynamic response in rabbits. Also, circadian

fluctuations in rabbits’ vital signs, such as the blood pressure, heart rate and body temperature were

examined. The water intake was measured in order to confirm the presence of the animals’ diurnal

activity. The secondary aim involved the comparison of two methods of data analysis: a

noncompartmental and a population modeling approach.

Methods: Twelve rabbits were sedated with intravenous midazolam 0.35 mg/kg at four local times: 09.00,

14.00, 18.00 and 22.00 h. Each rabbit served as its own control by being given a single infusion at the four

different times of the day on four separate occasions. The values of the monitored physiological parameters

were recorded during the experiment and arterial blood samples were collected for midazolam assay. The

pedal withdrawal reflex was used as the measurement of the sedation response. Two and one

compartmental models were successfully used to describe midazolam and 1-OH midazolam

pharmacokinetics. The categorical pharmacodynamic data were described with a logistic model.

Results and conclusions: We did not find any time-of-day effects for the pharmacokinetic and

pharmacodynamics parameters of midazolam. For 1-OH midazolam, statistically significant time-of-day

differences in the apparent volume of distribution and clearance were noticed. They corresponded well

with the rabbits’ water intake. The noncompartmental and model-based parameters were essentially

similar. However, more information can be obtained from the population model and this method should

be preferred in chronopharmacokinetic and chronopharmacodynamic studies.

� 2014 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier Urban & Partner Sp.

z o.o. All rights reserved.
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Introduction

Midazolam is a commonly used sedative agent in the intensive
care unit (ICU) settings worldwide. It is an intermediate-to-high-
extraction drug; therefore, clearance is expected to be dependent
Abbreviations: AUC, area under the curve; AUMC, area under the first moment

curve; BT, body temperature; DBP, diastolic blood pressure; FOCEI, first-order

conditional estimation with interaction; HR, heart rate; ICU, intensive care unit; IIV,

interindividual variability; IOV, interoccasion variability; LD, light–dark cycle; MBP,

mean blood pressure; MOF, NONMEM objective function; NCA, noncompartmental

analysis; PK, pharmacokinetics; PD, pharmacodynamics; SBP, systolic blood

pressure; VPC, visual predictive check.

* Corresponding author.

E-mail address: agnbienert@op.pl (A. Bienert).

1734-1140/$ – see front matter � 2014 Institute of Pharmacology, Polish Academy of 

http://dx.doi.org/10.1016/j.pharep.2013.06.009
on the hepatic blood flow. On the other hand, midazolam
undergoes extensive metabolism by isoforms of the cytochrome
P450 3A subfamily (e.g., CYP3A4 and CYP3A5) to a major
hydroxylated metabolite (1-OH-midazolam), so the CYP activity
can also be considered as a factor influencing its pharmacokinetics
(PK) [14,38]. Both, over- and undersedation, are common problems
in the ICU setting. Complications related with the inappropriate
use of analgesic and sedative agents in the ICU patients are
common [22,34]. High interindividual variability in the PK of
midazolam still poses a problem in clinical settings. Therefore, the
knowledge of the PK of midazolam and its metabolites may serve
as a valuable tool for developing optimal infusion regimens for
intensive care patients [14]. One of the open questions is the
influence of the circadian clock on midazolam sedation. The results
Sciences. Published by Elsevier Urban & Partner Sp. z o.o. All rights reserved.
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of recent studies have suggested that the time-of-day may be an
important factor influencing both the PK and pharmacodynamics
(PD) of sedatives [7,9,15,26,33,40]. There was some circadian
variability of oral midazolam given to six healthy subjects noted
[21]. However, for the intravenous route of administration the data
are equivocal [20,39]. Midazolam is a highly protein-binding
(albumin) drug (96–98%), which undergoes significant first-pass
oxidative metabolism in the liver and intestine [17,29]. Therefore,
the potential circadian profile of this drug may differ, depending on
the route of administration.

We examined the effects of the administration time on the PK
and PD of midazolam and its active metabolite with reference to
circadian rhythms during sedation in New Zealand white rabbits.
The other aim of our study was to assess the circadian rhythmicity
in the rabbits’ vital signs, as well as to characterize the daily
activity of the laboratory rabbits. The chronopharmacokinetics and
chronopharmacodynamic data were analyzed by means of two
approaches: the noncompartmental analysis and nonlinear mixed
effect (population) modeling. The former method is based on the
statistical moment analysis and leads to the determination of basic
PK parameters (like clearance and volume of distribution at steady
state). The latter method is based on a mathematical PK/PD model
and leads to the estimates of all important PK/PD parameters along
with their interindividual variability in the population of animals
under study.

Rabbits are not very often used in chronopharmacokinetic or
chronopharmacological studies, especially due to their unimodal
or bimodal pattern of activity [18]. However, recent data
concerning the molecular clock, which regulates the circadian
rhythmicity in mammals, provide better insight into the nature of
the circadian rhythms in rabbits. Also, it is suggested that feeding
conditions synchronize the circadian clock of laboratory rabbits
[5,6,13,16,40]. To our knowledge, our study is the first to examine
the chronobiology of the drug on rabbits supplemented with a
circadian analysis of the animals’ physiological and behavioral
parameters.

Materials and methods

Animals

The experimental protocol was approved by the Local Ethical
Committee for Animal Research and it also adhered to the
recommended ethical criteria for biological rhythm research on
animals proposed by Portaluppi [32]. Twelve healthy New Zealand
white rabbits with the average weight of 3.6 � 0.3 kg (mean � SD)
were used. They were housed individually in stainless steel cages
under controlled environmental conditions. The room temperature
and relative humidity were controlled, at 20–22 8C and 50–60%,
respectively. The animals were maintained under a 12-h light:12-h
dark cycle (LD) for 1 month before treatments to habituate them to
experimental conditions (light-on: 07.00–19.00 h). They were
provided with 125 g of commercial pelleted diet/day, once daily
between 08.00 and 12.00 h, and tap water ad libitum. The water
intake was controlled five times a day (07.00, 11.00, 15.00, 19.00 and
23.00 h) in order to measure the activity of rabbits (the greater intake
– the higher activity). Midazolam (Polfa S.A., Poland) was adminis-
tered intravenously via short bolus (0.35 mg/kg) at four local times:
09.00, 14.00, 18.00 and 22.00 h. Each rabbit served as its own control
by being given a single drug dose at each of the four different times of
treatment on different days. The washout period between each timed
injection was two weeks. The experiments were conducted during the
months of March and April.

The animals were fasted on the day of sedation. Just before
infusion, the rabbits were weighed and placed into restraining
cages. The hair over the auricular artery and on the tail was
removed, and the skin was cleaned with alcohol. A 22G catheter
was inserted percutaneously into the central auricular artery and
fixed with tape. The catheter was flushed with heparin saline and
fixed to the skin. Midazolam (Midanium, Polfa S.A., Poland) was
administered as a bolus injection at a dose of 0.35 mg/kg to the
marginal vein of the opposite ear. Warm fluids (38 8C) were infused
after each blood sampling. The arterial catheter was attached to a
Philips IntelliVue MP5 monitoring system with a Philips M1567A
catheter. Throughout each session, the body temperature was
monitored by means of a rectal probe and maintained at �38.5–
39 8C by means of a heating lamp and FIR Therapeutic Pad (MHP-E
1220, 38 8C).

The first arterial blood sample was taken and initial vitals were
measured before commencing injection of the drug. The animals
were oxygenated with 100% oxygen at 3 L/min via a facial mask;
the oxygen flow was continued until the animals recovered
completely. The sedation monitoring included the rectal tempera-
ture (digital thermometer of Philips IntelliVue MP5 monitor) as
well as the cardiac and respiratory status. The heart rate was
monitored and recorded from the curve of the arterial blood
pressure. The blood oxygen saturation was monitored from the
shaved tail by pulse-oximetry.

In order to monitor the level of sedation, two basic reflexes, i.e.
the pedal withdrawal reflex and corneal reflex, were tested. The
reflexes were tested in the following periods: initially, 20, 40, and
60 s, and every successive minute afterwards until full recovery.
The loss of the corneal reflex indicates dangerously deep
anesthesia, when cardiac arrest may develop, whereas the pedal
withdrawal reflex is useful to verify the level of sedation
[37,43,44]. In this study, the recorded endpoint was the loss and
return of the pedal withdrawal reflex, whereas the corneal reflex
was always retained during the experiments. The presence and
absence of the pedal withdrawal reflex were identified as follows:
(+) if the pedal withdrawal reflex was present, and (�) if the pedal
withdrawal reflex was absent.

Arterial blood samples (1.5 ml) were collected at the following
time points: before beginning of the infusion, after 1, 5, 10, 15, 20,
30, 45, 60, 90, 120 and 150 min after midazolam administration.
The lost blood volume was restored by adequate saline infusion
(0.9% NaCl, Polfa, Poland). Blood samples were transferred into
heparinized tubes and immediately centrifuged, with the plasma
samples stored at 4 8C until analysis.

Midazolam assay

Plasma samples were analyzed for midazolam and 1-OH-
midazolam by means of validated high-pressure liquid chroma-
tography (Agilent 1200 series, Waldbronn, Germany) coupled with
a triple quadrupole mass spectrometer, equipped with an
electrospray ionization source (Agilent 6410B, Wildnington,
Delaware, USA). The mass spectrometer was working in the
MRM mode and three reactions were recorded for each compound.
The applied column was Zorbax Eclipse XDB C18 Rapid Resolution
HT 4.6 mm � 50 mm, 1.8 mm (Agilent, USA). The mobile phase
was: formate buffer pH 3.2 [A] and 0.1% formic acid in acetonitrile
[B] (Merck, Darmstad, Germany). The flow rate was 0.5 ml/min.
The gradient was programmed as follows: 90% [A] and 10% [B] for
1 min, followed by a linear change to 20% [A] and 80% [B] in 6 min,
then 20% [A] and 80%[B] was held for 1.5 min. Midazolam, 1-OH-
midazolam and diazepam D5 (internal standard) were purchased
from Crilliant (Round Rock, TX, USA). Abselut Nexus (Agilent, USA).
Solid phase extraction columns (60 mg/3 ml) were used to
midazolam and metabolite extraction according to the manufac-
turer’s procedure. The extraction recovery (% + SD) was 91.1 � 3.5
and 86.8 � 2.8 for midazolam and 1-OH-midazolam, respectively. The
intraday precision (RSD, %) at 20 ng/ml standard was 5.3 and 7.2 for
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midazolam and its metabolite. The interday precision was 9.1 and
10.4 for midazolam and 1-OH-midazolam. The limit of quantification
was 10 ng/ml for both analytes with 0.2 ml sample volume. The
method was linear from 10 to 4000 ng/ml.

Noncompartmental analysis

The noncompartmental analysis (NCA) was carried out by
means of Kinetica software (version 5.0, Thermo Fisher Scientific).
The terminal elimination rate constant l was estimated by means
of linear regression from the terminal part of the individual curves.
The terminal half-life, t0.5 was calculated as 0.693/lz. The area
under the concentration time curve (AUClast and AUCtot) and area
under the first moment curve (AUMC) were calculated by means of
a mixed log-linear method. The clearance and steady state volume
of distribution over bioavailability Cl/Fr and Vss/Fr were deter-
mined as a ratio of Dose/AUCtot and Cl/Fr AUMC/AUC. Fr was equal
to 1 for midazolam (intravenous administration), whereas for 1-
OH-midazolam it denoted the fraction of midazolam metabolized
to 1-OH- midazolam. Each parameter was evaluated separately for
9.00, 14.00, 18.00 and 22.00 h. One-way ANOVA with Scheffé post

hoc test was used to find statistically significant differences
between NCA parameters. Before statistical analysis all data were
log-transformed to ensure normality. All statistical analyses were
made with STATISTICA (version 10; StatSoft, Inc. (2011);
www.statsoft.com).

Vital parameters analysis

The following vital signs were measured at the baseline and
continuously during the experiments: systolic and diastolic blood
pressure (SBP, DBP), mean arterial pressure (MAP), heart rate (HR),
and body temperature (BT). A one-way ANOVA with Scheffé post

hoc was used to examine the relationships between the vital signs
and administration time-of-day. The collected data were statisti-
cally analyzed by means of STATISTICA software (version 10;
StatSoft, Inc. (2011); www.statsoft.com).

Population pharmacokinetic modeling

Population nonlinear mixed-effect modeling was done with
NONMEM (Version 7.2.0; ICON Development Solutions, Ellicott
City, MD, USA), and the gfortran compiler 9.0. NONMEM runs were
executed with Wings for NONMEM (WFN720; http://wfn.source-
forge.net). The first-order conditional estimation with interaction
(FOCEI) method was used. The minimum value of the NONMEM
objective function (MOF), typical goodness-of-fit diagnostic plots,
and evaluation of the precision of PK parameter and variability
estimates were used to discriminate between various models
during the model-building process. The NONMEM data processing
and plots were done in Matlab Software (Version 7.13; The
MathWorks, Natick, MA, USA).

PK/PD model of midazolam and 1-OH-midazolam

The applied PK/PD model is schematically depicted in Fig. 1. The
plasma concentration of midazolam was described with a two-
compartment model:

dCP

dt
¼ �kelCP � kmCP þ k21A=VP � k12CP ; CPð0Þ ¼ D=VP (1)

dA

dt
¼ k12CPVP � k21A; Að0Þ ¼ 0 (2)

where t denotes the time since administration of midazolam,
CP denotes the concentration of midazolam in the central
compartment and A is the amount of midazolam in the peripheral
compartment, km denotes the metabolic elimination rate constant
to 1-OH-midazolam, kel denotes the elimination rate constant for
all routes except the metabolism to 1-OH midazolam, and k12 and
k21 denote inter-compartmental distribution rate constants. Vp

stands for the volume of the central compartment. D denotes the
dose that was given to the individual rabbit.

The active metabolite of midazolam, 1-OH-midazolam, con-
centration (CM) in the plasma was described by means of a one-
compartment model:

dCM

dt
¼ kmCPVP=VM � kmetCM; CMð0Þ ¼ 0 (3)

where kmet denotes the elimination rate constant of 1-OH-
midazolam. All the amounts were expressed in moles. The actual
parameters generated were Vp, k = kel + km, k12, k21, kmet, Vm/

Fr = Vm(kel + km)/km owing to the lack of data which could resolve
all the parameters of the full model. Fr denotes the fraction of
midazolam dose metabolized to 1-OH-midazolam and k is the
systemic elimination rate constant equal to the sum of km and kel.

Interindividual (IIV) and interoccasion (IOV) variability for
the PK parameters were modeled assuming the lognormal
distribution:

Pik ¼ uP expðhi þ kkÞ (4)

where Pik is the set of PK parameters for ith individual and kth
occasion, uP is the population estimate of PK parameters, hi is a
random effect with mean 0 and variance v2, kk is a random effect
with mean 0 and variance p2.

In the PD analysis, the fixed individual PK parameters were used
to obtain midazolam concentrations at the time points of PD
observations. Only midazolam was used as a driving force for PD
response as 1-OH-midazolam concentrations are much lower and
1-OH-midazolam is known to have only a fraction of the
midazolam activity. Categorical data with 1 denoting the presence
and 0 denoting the lack of pedal withdrawal reflex were described
by means of the proportional odds model. The probability of
presence (preflex) or absence (pno reflex) of the reflex was described
with the logistic function:

pre flex ¼
expða þ b þ Ce þ h þ kÞ

1 þ expða þ b þ Ce þ h þ kÞ
pno re flex ¼ 1 � pre flex

(5)

where a is a parameter related to the baseline probability, b
denotes the drug effect, and h is a random interindividual effect
with the mean 0 and variance v2 and k is a random interoccasion
effect with the mean 0 and variance p2. The Ce denotes midazolam
concentration in the effect compartment:

dCe

dt
¼ ke0CP � ke0Ce; Ceð0Þ ¼ 0 (6)

with ke0 being the effect compartment distribution rate constant.
The observed concentrations of midazolam and its metabolite

were defined by the following equations:

CP;obs ¼ CPMMidazolamð1 þ epro p;MidÞ
CM;obs ¼ CMM1�OH�Midazolamð1 þ epro p;MetÞ

(7)

where CP and CM are defined by Eqs. (1) and (3) of the basic
structural population model, and eprop represents the proportional
residual random errors of midazolam and its metabolite
concentrations with normal distribution, mean of 0 and variances
denoted by s2

pro p, C. MMidazolam and M1-OH-Midazolam are midazolam
and 1-OH-midazolam molecular masses equal to 325.77 and
342.76 g/mol.

http://www.statsoft.com/
http://www.statsoft.com/
http://wfn.sourceforge.net/
http://wfn.sourceforge.net/
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Fig. 1. A schematic PK/PD model of midazolam and 1-OH-midazolam. The symbols are explained in the text.
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Allometric scaling

The effect of body size on all the volume parameters was
predicted on the basis of allometric scaling as follows:

uP ¼ uP1ð1 þ uP2ðBW � BWmedianÞÞ (8)

where the uP1 and uP2 are the regression coefficients. Body weight
(BW) was centered around its median values, BWmedian, thus
allowing uP1 to represent the parameter estimate for the typical
rabbit.

Covariate search and rhythm assessment

The covariate model was built stepwise. The influence of body
weight, time-of-day at the moment of administration and the
occasion of the study on midazolam and 1-OH-midazolam
concentrations were assessed. The covariates were added to the
model one by one and decrease in MOF was investigated. The
difference in MOF between nested models of 7.9 for one degree of
freedom and 10.6 for two degrees of freedom was considered to be
statistically significant at p < 0.005 for the equation to be included
into the base model. This process was repeated until all significant
covariates were added.

Visual predictive check

The visual predictive check (VPC) was calculated on the basis of
1000 datasets simulated with the obtained final parameter
estimates. For continuous response VPC shows a comparison of
the median and 95% prediction interval for the simulated data and
the corresponding percentiles for the observed data over time. For
the predictive performance of a PD model the comparison of
simulation-based 95% confidence intervals and experimental
frequencies of reflexes was made. When the corresponding
percentile from the observed data falls outside the 95% confidence
interval, this indicates misspecification of the model.

Results

Fig. 2 shows the midazolam and 1-OH-midazoalm concentra-
tion–time curves for each time-of-day studied. In the first step a
noncompartmental analysis was made. The results are compared
in Table 1. The average tmax was 1.60 min for midazolam and
18.2 min for 1-OH-midazolam. A significant time-of-day difference
(p < 0.005) was found for the maximum concentration of both
midazolam and its metabolite. For the parent drug, the maximum
concentration was higher at 22.00 (1565.78 ng/ml) than at 9.00
(820.56 ng/ml); for 1-OH-midazolam the concentration at 18.00
and 22.00 was significantly (p < 0.005) higher than at 9.00 (27.68
and 35.00 versus 9.75 ng/ml). The average values of l equaled
0.024 and 0.017 min�1 (t0.5 equaled 30 and 46 min) for midazolam
and its metabolite. The l and t0.5 were not statistically different
between 1-OH-midazolam and midazolam at p < 0.005. It is very
likely that it is the consequence of flip-flop kinetics of 1-OH
midazolam – the metabolism rate is smaller than elimination rate
of 1-OH midazolam. For midazolam, significant differences
(p < 0.005) were noted between 9.00 and 22.00 for the AUC, Cmax

and Vss. However, the time-of-day differences in midazolam
clearance were not statistically significant at p < 0.005. On the
contrary, for 1-OH-midazolam there was a considerable difference
in AUC between 9.00 (0.667 mg min/ml) and 18.00 (2.10 mg min/
ml, p < 0.005) and at 22.00 (2.17 mg min/ml, p < 0.005). Conse-
quently, clearance and Vss of 1-OH-midazolam was the highest at
9.00 (2.94 L/min and 248.75 L) and lower at 18.00 and 22.00.

The nonlinear mixed-effect model was developed to achieve
full understanding of the PK and associated interindividual and
interoccasion variabilities of midazolam and its metabolite. The
raw data and visual predictive checks for the final model are
presented in Fig. 2. This plot shows that the final PK model
describes the concentrations of the parent drug and its metabolite
well. The values predicted with the model fell within the simulated
95% confidence interval. The pharmacokinetic parameters
obtained from the fitting of the PK model to the midazolam and
its metabolite concentration–time profiles are listed in Tables 2
and 3. The relative standard errors (% CV) of all estimates did not
exceed 40%, indicating that the model was qualified for the general
assessment of midazolam and 1-OH-midazolam PK in rabbits.

The volume of the central compartment of midazolam (VP)
equaled 1.03 L for a typical rabbit. The average apparent volume of
distribution of 1-OH-midazolam (VM/Fr) was much higher and
equaled 32.1 L on average. Significant correlations (p < 0.005)
between VP and VM/Fr and the body weight were found. The model
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predicted VP increased by 49.8% for every kilogram difference from
the median weight (3.6 kg). Similarly, the apparent volume of
distribution of the metabolite increased by 87.3% from the median
weight. The inclusion of those correlations decreased the objective
function by 18.374. The apparent volume of distribution of the
metabolite was finally found to depend on the drug administration
time. It was higher at 9.00 h (71.2 L) than at other times-of-day
under study (26.2 L). The inclusion of this correlation decreased the
objective function by 24.328. Consequently, the apparent clear-
ance of 1-OH-midazolam also differed with respect to time-of-day
at 9.00 h (2.57 L/min) from other times (0.944 L/min). This
difference in the apparent volume of distribution of the metabolite
corresponds well with a rabbit’s water intake (Fig. 3). The
metabolism clearance of the parent drug equaled 0.0571 L/min.
The distribution rate constant from the central to the peripheral
compartment (k12) was 0.081 min�1, and the redistribution (k21)
rate constant was 0.849 min�1. The systemic elimination rate
constant (metabolic and non-metabolic routes) was 0.0554 min�1

and for the metabolite compartment it was much smaller, i.e.
0.0369 min�1.

The main purpose of PD measurements was to assess the time
course of the pedal withdrawal reflex after the injection of
midazolam. The visual predictive checks for the midazolam
grouped by administration time are presented in Fig. 3. This plot
shows the final PD model well describes the measured pedal
withdrawal reflex in the rabbits under study, as the central
tendency of the experimental reflex frequencies falls within the
simulated 95% confidence intervals. The frequency of reflexes at
the time of injection was close to 1 and decreased rapidly after the
administration of midazolam to reach the minimum around



Table 1
A comparison of the results of noncompartmental analysis for midazolam and its

metabolite after midazolam injection to rabbits. The parameters with an asterisk

are significantly different from the values obtained at 9.00 (details in the text).

Parameter [unit] Midazolam (mean; SD) 1-OH-midazolam

(mean; SD)

tmax [min] 1.60 (1.75) 18.2 (9.2)

Cmax [ng/ml] For 9.00 820.56 (369.65) For 9.00 9.75 (7.10)

For 14.00 1068.93 (376.68) For 14.00 21.89 (8.76)

For 18.00 1206.73 (438.93) For 18.00 27.68 (19.57)*

For 22.00 1565.78 (497.66)* For 22.00 35.00 (29.32)*

AUCtot [mg min/ml] For 9.00 16.44 (7.83) For 9.00 0.667 (0.544)

For 14.00 19.16 (5.89) For 14.00 1.44 (0.68)

For 18.00 28.70 (10.76) For 18.00 2.10 (1.24)*

For 22.00 29.11 (10.98)* For 22.00 2.17 (1.77)*

l [min�1] 0.024 (0.006) 0.017 (0.006)

t0.5 [min] 30.03 (9.00) 45.9 (21.2)

Vss [L] For 9.00 2.99 (1.44) For 9.00 248.75 (245.35)

For 14.00 2.42 (0.95) For 14.00 69.48 (32.42)

For 18.00 2.00 (0.81) For 18.00 69.00 (49.62)*

For 22.00 1.80 (0.74)* For 22.00 64.62 (42.62)*

Cl/Fr [L min�1] For 9.00 0.096 (0.045) For 9.00 2.94 (1.53)

For 14.00 0.071 (0.020) For 14.00 1.07 (0.52)

For 18.00 0.052 (0.023) For 18.00 0.94 (0.77)*

For 22.00 0.050 (0.020) For 22.00 0.93 (0.61)*

Fr – fraction of midazolam dose metabolized to 1-OH-midazolam.

Table 3
A comparison of secondary parameters for the final PK model.

Parameter, unit Description Value

Cl [L/min] Metabolism clearance, kVP 0.0571�(1 + 0.498�(BW-3.6))

ClD [L/min] Distribution clearance, k12VP 0.0834�(1 + 0.498�(BW-3.6))

Vss [L] Volume of distribution at

steady state, VP(1 + k12/k21)

1.13�(1 + 0.498 (BW-3.6))

CLMet/Fr [L/min] Apparent clearance of

metabolite, kmetVm/Fr

For 9.00

2.63 (1 + 0.839�(BW-3.6))

For 14.00, 18.00 and 22.00

0.967 (1 + 0.839�(BW-3.6))

BW, body weight.
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15 min after the injection. Then the frequency of the reflex
increased and gradually approached 1. The corresponding param-
eter estimates are given in Table 4. The effect compartment with a
distribution rate constant of 0.217 min�1 was included into the
model. The baseline effect (a) equaled 4.29. The drug effect was
independent from the drug administration time. The proportion-
ality constant (b) in the logistic regression model was �0.0177 mg/
L�1. The negative value of this parameter reflects the negative
effect of biophase concentration of the drug on the probability of
the reflex. The exp(b) is interpreted as the ratio of odds ratios (the
ratio of probability of the reflex and no reflex) per unit increase in
the biophase concentration. In the model, each 1 mg/L increase in
the effector compartment concentration decreases the odds ratio
by 1.75%.

Both interindividual (IIV) and interoccasion (IOC) variabilities
were examined for Vp, k and Vm/Fr in the basic PK model. The IIV
and IOV for other parameters could not be identified from the
current dataset under analysis. During the model building process
Table 2
A comparison of the final population PK parameters and inter-subject and residual err

Parameter, [unit] Description 

Fixed effect

uVp [L] Volume of central compartment 

uk [min�1] Systemic elimination rate constan

uk12 [min�1] Distribution rate constant 

uk21 [min�1] Re-distribution rate constant 

ukmet [min�1] Elimination rate constant of meta

Vm/Fr [L] Metabolite apparent volume of di

Inter-individual variability

v2
V [%] Inter-individual variability of V 

p2
V [%] Inter-occasion variability of V 

v2
k [%] Inter-individual variability of k 

p2
k [%] Inter-occasion variability of k 

v2
Vm=Fr [%] Inter-individual variability of VM/F

p2
Vm=Fr [%] Inter-occasion variability of VM/Fr

Residual variability

s2
pro p;Mid [%] Proportional residual error variab

s2
pro p;Met [%] Proportional residual error variab
the IIV approached zero with high values of relative standard
errors (105%, 114.5% and 136%, respectively). They were fixed to 0
to enhance the performance of the final PK model. Similar behavior
was observed for PD IIV parameter. IOV was moderate with IOV in k

around 20%, and in Vp and Vm/Fr – around 50%.
The analysis of vital signs did not reveal any statistically

significant (p < 0.005) changes in the parameters tested depending
on the time of the day. The average values of the collected
parameters are given in Table 5.

Discussion

To our knowledge, there is little information about the
chronopharmacokinetics and chronopharmacodynamics of mid-
azolam in the literature. Although chronobiology may play a
significant role in therapy planning, there are almost no medical
communications which might be used as a reference. Our work
seems to be the first to combine chronobiology analysis with
population PK/PD modeling of midazolam.

The population PK/PD analysis gave similar results as NCA
analysis with respect to the parameter estimates and circadian
variability assessment. The only difference was noted for
midazolam, where significant differences in NCA derived AUC,
Cmax and Vss were noted between 9.00 and 22.00, but no such
phenomenon was observed for population analysis. It is very likely
that it is a consequence of various approximations used in the
calculation of the NCA parameters and lack of body weight effects
on the volume of distribution that were included in the population
analysis. The population analysis has many advantages as the
or variance estimates of midazolam and its metabolite.

Final PK model

Estimate (%CV)

1.03(7.3)�(1 + 0.498(32.9)�(BW � 3.6))

t 0.0554 (5.6)

0.0810 (18.0)

0.849 (10.2)

bolite 0.0369 (6.8)

stribution For 9.00 h

71.2(17.7)�(1 + 0.839(16.9)�(BW-3.6))

For 14.00 h, 18.00 h, 22.00 h

26.2(12.7)�(1 + 0.839(16.9)�(BW-3.6))

0 FIX

43.7 (14.6)

0 FIX

20.1 (26.6)

r 0 FIX

 52.1 (17.4)

ility 0.246 (4.3)

ility 0.409 (2.9)
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complete analysis can be made for midazolam and its metabolite
simultaneously. It enables efficient use of data, as all data points
are used to obtain the parameter distribution. In addition, the
covariate relationships can be incorporated easily (i.e. influence of
weight on volume of distribution) and the uncertainty of the fixed
and random effects can be obtained. Additionally, the use of a
structural model enables discrimination of the influence of PK on
the PD response. The NCA yields only point estimates and
variability from pooled individual parameters and is of limited
use in the analysis of pharmacodynamic data.

Our first step was to assess pharmacokinetic parameters by
means of NCA analysis. This approach was also used by other
groups [22,27]. In comparison with the results obtained by Odou’s
group, we used a slightly higher dose of midazolam (0.2 mg/kg
versus 0.35 mg/kg, respectively) [27]. The weight-normalized
clearance was found to be comparable in Odou’s (0.017 L/min/
kg) and our group (0.019 L/min/kg). Surprisingly, the terminal half-
life was three times higher than in our results (90 min versus
30 min). There was also a large difference between the AUC and
Cmax for 1-OH-midazolam. Odou’s group reported AUC and Cmax

equal to 27.96 mg min/ml and 344 ng/ml. It is about twenty times
higher than our results of 1.59 mg min/ml and 23.58 ng/ml. Those
discrepancies are very difficult to explain. However, to a certain
extent they might have been caused by indirect and less accurate
assay for 1-OH-midazolam in the study by Odou.

In another study, Tomalik-Scharte [39] described the circadian
fluctuation of midazolam’s clearance due to changes in the activity
of CYP3A4 with the highest clearance at 12.30. In the study by Klotz



Table 4
A comparison of the final population PD parameters and inter-subject variance

estimates of the reflexes in rabbits after midazolam infusion of the selected models

obtained during the model-building process.

Parameter [unit] Description Basic PD model

Estimate (% CV)

Fixed effect

ua Baseline odds ratio 4.29 (33.1)

ub [(mg/L)�1] Drug effects -0.0177 (27.5)

ukeo [min�1] Biophase distribution

rate constant

0.217 (17.3)

Inter-individual variability

v2 Inter-individual variability

of PD response

0 FIX

p2 Inter-occasion variability

of PD response

9.85 (42.5)

Table 5
The average values of the vital signs observed during the study. No statistically

significant (p < 0.005) differences in the administration time-of-day were noted for

the following parameters.

Parameter [unit] Mean (SD)

Average duration of anesthesia [min] 40.79 (27.14)

Initial systolic blood pressure [mmHg] 88.81 (12.24)

Initial diastolic blood pressure [mmHg] 71.96 (12.34)

Initial MAP [mmHg] 79.00 (10.86)

Initial HR [bpm] 201.85 (46.64)

Initial body temp. [8C] 39.42 (0.28)

Average systolic blood pressure [mmHg] 85.26 (8.47)

Average diastolic blood pressure [mmHg] 65.64 (6.58)

Average MAP [mmHg] 73.45 (7.29)

Average HR [bpm] 195.17 (35.39)

Average body temp. [8C] 39.25 (0.29)

MAP, mean arterial pressure; HR, heart rate; bpm, beats per minute.
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[20] – similarly to our results – no significant circadian rhythms
were noted in midazolam pharmacokinetics. In rabbits, we found
significant circadian rhythms in AUC and Cmax for midazolam using
NCA analysis and no circadian variability in any PK or PD
parameter for midazolam in population analysis. However, large
differences were noted for 1-OH-midazoalm exposure between
9.00 and other administration times-of-day. The higher value of
metabolite apparent clearance at 09.00 was obtained during the
activity period. In our study the lowest exposure to 1-OH-
midazolam during the activity period was not coupled with
statistically significant differences in the sedation pharmacological
response. 1-OH-midazolam has only minimal biological activity
[3] and its plasma concentrations were about 10 times lower than
the ones of midazolam. Therefore, the circadian rhythm in the
pharmacokinetics of this metabolite should not affect the sedation
pharmacological response of midazolam.

We reviewed the literature data regarding human and animal
rhythmicity of metabolizing enzymes and factors influencing
their activity. Steroids in humans present a strong circadian
pattern and they were proved to influence the activity of CYP3A.
Nakamura et al. tested the influence of androstenedione,
testosterone, and dehydroepiandrosterone on the CYP3A4-medi-
ated drug metabolism using human liver microsomes in vitro.
They observed that endogenous steroids strongly affect the
function of the CYP3A4 (including the 1,4-hydroxylation of
triazolam), so one should consider a possible similar implication
in vivo [25]. Circadian fluctuations in the liver, lung and intestine
metabolizing enzymes have also been described in rabbits
[11,41]. The biphenyl 4-hydroxylase activity in the intestine,
lungs and liver, which was tested in rabbits by Tredger and
Chhabra, showed the peak about 06.00 h and the trough around
12.00–15.00. Hepatic enzyme activities showed the least obvious
rhythmic variations in activity for all three rabbit tissues. The
second maximum was obtained around the beginning of the dark
period, but for the lungs and liver it was discrete. On the basis of
the achieved results, Tredger and Chhabra postulate a weaker
rhythmic variation in drug-metabolizing enzyme activities in the
rabbit liver than in the rabbit extrahepatic tissues, and that they
are more pronounced in rats. So the choice of the midazolam
administration route may contribute to the development of
rhythmicity, and the intravenous application may produce an
unobvious rhythmic pattern. The Koopmans et al. group examined
the circadian variability of midazolam in healthy human
volunteers after oral administration [21]. They found that the
elimination half-life was the shortest at 14.00 and the longest at
2.00. Moreover, there is a certain similarity between the human
and rabbit CYP3A enzymes. It was proved that the rabbit
isoenzymes CYP3A6 correspond to the CYP3A4 activity in human
hepatocytes, and this similarity is often used in studies evaluating
the mutual relationships between the drugs in an animal rabbit
model [24,42].

In the liver 1-OH-midazolam is conjugated to the glucuronide
form, which is water soluble and more easily excreted [3]. The
glucuronidation process seems to show circadian variability [10]
with the higher activity during the fasting period. Chaudhary et al.
demonstrated that plasma concentrations and urinary recoveries
of lorazepam glucuronide were significantly greater during the day
than during the night-time dosing interval [10]. We did not
observe any time-of-day difference in 1-OH-midazolam elimina-
tion rate constant. However, the apparent clearance and apparent
volume of distribution of 1-OH-midazolam were considerably
enhanced during the beginning of the activity phase. It is very
likely that it is a consequence of differences in the fraction of
midazolam metabolized to 1-OH-midazolam that could be related
to the time-of-day changes in the activity of CYP. However, the
exact cause of that difference can only be resolved in additional PK
experiments involving 1-OH-midazolam administration.

The circadian changes in serum protein levels (transporters)
can potentially influence the midazolam distribution processes. In
humans, serum proteins exert a strong circadian pattern with a
diurnal protein peak, which corresponds to different duration of
activity in healthy volunteers [4]. Unfortunately, we failed to find
literature data on the circadian rhythm of serum proteins in
rabbits, and the only data was the one provided by Liu et al., who
found the circadian rhythmicity in aqueous humor under a
constant dark environment and increased in a subjective light
phase, although in a vitreous humor, the level of proteins remained
unchanged [23]. For obvious reasons the data cannot be
extrapolated to the serum levels, which should be explored more
extensively in the future studies.

Chronopharmacokinetics of intravenous midazolam has been
studied in severely ill patients, who show altered circadian
rhythmicity in both children and adult populations [1,31]. The
disease severity along with the ICU setting is a known factor than
can diminish or even abolish some rhythms, e.g. blood pressure,
melatonin, as well as cortisol rhythm. To our knowledge, this is the
first study evaluating the circadian profile of midazolam PK and PD
after intravenous midazolam administration in the model condi-
tions without any other factors which may potentially influence
the obtained results, such as severe diseases and abnormalities in
physiological rhythms which are present in the ICU population. In
view of the fact that for ethical reasons it is difficult to perform a
study with the intravenous administration on humans, the rabbit
model seems to be more useful. Moreover, the size of a rabbit is
bigger than that of a rat, so the volume loss stemming from the
blood sampling is less detrimental to the rabbit. The circadian
rhythm is governed mainly by changes in the central pacemaker –
suprachiasmatic nuclei producing melatonin. Plasma melatonin
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was shown to increase during the dark period in rabbits, if adapted
to a 12:12 h light–dark regime [8,30]. The nocturnal rise in
melatonin levels after light–dark entrainment may serve as a
pattern of hormonal release similar to the one observed in humans.
There are also other studies, in which the rabbit liver was taken for
circadian rhythmicity experiments. Kai et al. chose the rabbit liver
for the assessment of mRNA levels and cholesterol 7a-hydroxylase
for the investigation of the regulation of this enzyme in humans
because of the similarity of bile acids, type of hydroxylation, and
the presence of the gallbladder, which is absent from rats [19].

The absence of the circadian pattern of midazolam activity
stands in contradiction to the results obtained during propofol
chronobiological studies on rabbits, and the nature of this
phenomenon is to be elucidated in the future [2].

The other aim of our study was to characterize the daily activity
of laboratory rabbits as well as the circadian profile of the
monitored physiological parameters, i.e. blood pressure, heart rate
and body temperature. Rabbits, which have a typically unimodal or
bimodal pattern of activity, are not very often used in chron-
opharmacokinetic or chronopharmacological studies [18]. How-
ever, recent data concerning the molecular clock, which regulates
the circadian rhythmicity in mammals, provide better insight into
circadian rhythms in rabbits. Also, it is suggested that feeding
conditions synchronize the circadian clock of laboratory rabbits
[5,6,16,40]. The light–dark cycle and availability of food are
powerful zeitgebers in the rabbit. When given scheduled access to
food for 4 h/24 h under LD 12:12, rabbits show activity around the
time of food availability.

Generally, the circadian profile of various biochemical and
physiological parameters in laboratory rabbits is poorly recognized
[12,28]. In our study, to measure daily variations in rabbits’
locomotor activities, their water intake was measured every 6 h, as
described previously [36].

Fig. 4 shows that the water consumption follows a circadian
pattern. A significantly higher (about four times higher) volume of
water was consumed between 07.00 and 11.00, as compared to the
other time intervals. This indicates that rabbits were the most
active at these times. We confirmed that the availability of food
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and the light: dark conditions may synchronize the circadian clock
of laboratory rabbits. Thus, when maintaining the availability of
food in restricted four hours during the day, it is possible to
determine the administration of any drug at these times as the
exposure in the activity phase.

In our study we did not detect any diurnal fluctuations in the
rabbits’ vital signs, such as blood pressure, body temperature and
heart rate (Fig. 5). Sato et al. (1995) studied the circadian rhythm
and short-term variability in rabbits’ blood pressure and heart rate
in comparison with rats [35]. The authors detected circadian
rhythms in cardiovascular parameters, concluding that rabbits
may be used in chronobiological studies, similarly to rats.
However, short-term variability in the BP in rabbits was
significantly larger than that in rats, and this may have been
caused by both behavioral (water intake, eating) as well as
emotional changes. The authors concluded that the circadian
rhythm in the blood pressure in rabbits can be estimated only
when the blood pressure is continuously measured and individual
values are averaged for an adequate period [35]. In our study we
did not measure the rabbits’ vital signs continuously, and this may
be considered a limitation to our study. On the other hand, we
measured the values of physiological parameters just before
midazolam administration, showing no differences between the
studied administration times. The mean values of monitored
physiological parameters were comparable to the ones observed in
the study by Sato et al. (1995) (Table 5) [35]. Also, we did not
observe any differences in the values of these parameters before
and after midazolam administration (Table 5). Thus, for the dose
under study, midazolam did not influence hemodynamic param-
eters and body temperature significantly.

To sum up the outcomes of our study, we could not find the
circadian rhythm for midazolam pharmacokinetics and pharma-
codynamics. Thus, it is very likely it is not necessary to change
midazolam dosage in a real clinical situation for patients
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undergoing long-time infusions. The water consumption served as
a good marker of day-night entrainment, allowing for an effective
manipulation of the rabbits’ circadian pattern of activity, and this
may be beneficial for the development of further studies. We could
not find the circadian changes of blood pressure and heart rate,
which might have been detected if measured more frequently. If
confirmed in future studies, circadian arrhythmicity in midazolam
metabolism may become a useful experimental tool for patholo-
gies devoid of a circadian rhythm.
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