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Abstract
Dexmedetomidine is a highly selective alpha-2 adrenoceptor agonist. Use is increasing in the
paediatric setting, but without the concomitant understanding of the pharmacokinetics and
pharmacodynamics to ensure safe and effective dosing.
In this thesis the pharmacokinetics and pharmacodynamics of dexmedetomidine in children
after cardiac surgery were explored. The maturation of dexmedetomidine pharmacokinetics
with age was determined and the effect of circadian rhythms on pharmacokinetic parameters
investigated. A pooled analysis of cardiac and general surgery patients further clarified the
population pharmacokinetic profile of dexmedetomidine in children. The pharmacodynamics
of dexmedetomidine in the postoperative period were examined and a concentration-response
relationship for dexmedetomidine and blood pressure elucidated.

Dosage regimens to

achieve target concentrations are suggested.
Dexmedetomidine pharmacokinetic parameters and their variability (between-subject
variability, CV%) for children after cardiac surgery were estimated using non-linear mixed
effects models. Parameter estimates for a two-compartment model were: clearance (CL) 39.2
(30.4%) L.h-1.70kg-1, central volume of distribution (V1) 36.9 (69.5%) L.70kg-1, intercompartment clearance (Q) 68.2 (37.6%) L.h-1.70kg-1, and peripheral volume of distribution
(V2) 69.9 (48.6%) L.70kg-1. Clearance at birth was 15.55 L.h-1.70kg-1 and matured with a half
time of 46.5 weeks to reach 87% of adult values by 1 year of age. These parameters were not
influenced by circadian rhythms.
Data from these cardiac surgery children were pooled with data from children undergoing
cardiac and general surgery and pooled data were reanalysed to clarify the population
pharmacokinetic profile of dexmedetomidine in children.

Children who received a

continuous infusion after cardiac surgery had a clearance estimate that was reduced by 27%
compared to those who received a bolus dose.
Supplemental diazepam use in children receiving dexmedetomidine differed little from those
who did not receive dexmedetomidine in the 12 h after cardiac surgery but morphine
administrations were reduced by 16%. A composite Emax model was used to relate mean
arterial pressure changes to dexmedetomidine plasma concentration.

The peripheral

vasopressor effect was directly related to plasma concentration with an Emaxpos of 50.3
ii

(44.50%) mmHg, EC50pos of 1.1 (48.27%) ng.mL-1 and a Hillpos coefficient of 1.65. The
delayed central sympatholytic response was described with an Emaxneg of 12.30 (37.01%)
mmHg, EC50neg 0.10 (104.40%) l ng.mL-1 and a Hillneg coefficient of 2.35. The equilibration
half-time (T1⁄2keo) was 9.66 (165.23%) min.
The target concentration estimated to provide maximum sedation and analgesia while
producing minimum effects on blood pressure differed in children who have undergone
cardiac (0.6 ng.mL-1) and non cardiac surgery (1.0 ng.mL-1).

For children who had

undergone cardiac surgery this target concentration can be achieved by using a dosage
regimen of a 0.5 µg.kg-1 loading dose over 10 min followed by a maintenance infusion of
0.28 µg.kg-1.h-1 in a neonate or a maintenance infusion of 0.46 µg.kg-1.h-1 in a 5-year-old
child.
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Aims
a)

Review current dexmedetomidine pharmacology.

b)

Explore dexmedetomidine pharmacokinetics in children after cardiac surgery.

c)

Investigate maturational changes in dexmedetomidine pharmacokinetics

d)

Examine differences between dexmedetomidine pharmacokinetics in children after
cardiac surgery and general surgery.

e)

Discuss optimal design and how it can improve study protocols and results.

f)

Examine the analgesic and sedative effects of dexmedetomidine.

g)

Define concentration-effect relationship for dexmedetomidine and blood pressure
changes.

h)

Predict target plasma concentrations for dexmedetomidine in children after cardiac
and general surgery.

i)

Suggest dosage regimens to achieve target concentrations.
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Chapter 1. General Introduction
Dexmedetomidine is a highly selective α-2 adrenoceptor agonist that has sedative, anxiolytic
and analgesic properties. It was first approved by the FDA in 1999 for the short term (less
than 24 h) sedation of mechanically ventilated adult intensive care patients. In 2008 it was
labelled for use as a sedative in non-intubated adult patients prior to and/or during surgical
and other procedures. Despite these licensing restrictions dexmedetomidine use has extended
throughout the hospital setting for numerous off-label applications including, but not limited
to: 1) the treatment of drug withdrawal and shivering after anaesthesia, 2) the management of
postoperative pain, 3) as an adjunct to anaesthesia in adult and paediatric patients, 4) in the
treatment of cyclic vomiting syndrome, and 5) as a paediatric intensive care and procedural
sedative. Dexmedetomidine is not approved for use in any paediatric setting.
The popularity of dexmedetomidine stems from its unique pharmacological profile; as well as
providing sedation and analgesia it is, unlike traditionally used sedative agents, not associated
with clinically significant respiratory depression.

Dexmedetomidine can also create a

sedative state that more closely resembles natural sleep, with the patient quiet and relaxed but
easily rousable.

These properties may provide advantages such as decreased time on

mechanical ventilation and less profound disruption of circadian rhythms, both of which may
be associated with improved patient outcomes.
Dexmedetomidine is now used commonly but, significant gaps remain in our knowledge of
its pharmacokinetics and pharmacodynamics, especially in these off-label settings. These
gaps include:
•

The pharmacokinetics of dexmedetomidine in children have not yet been adequately
described. The pharmacokinetics of many drugs are altered in children, resulting in a
need

for dose adjustments

throughout

childhood.

These

developmental

pharmacokinetics have not yet been described.
•

The impact of disease status on the pharmacokinetics and pharmacodynamics of
dexmedetomidine in children has not been characterised.

Dexmedetomidine is

commonly used after cardiac surgery, a population often suffering hepatic and renal
compromise: again, dose adjustments may be required.
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•

The concentration-response relationships for dexmedetomidine and sedation,
analgesia, and haemodynamic changes have not yet been adequately described in
adults or children.

Definitions of these pharmacodynamic concentration-effect

relationships are required to inform dosing regimens designed to achieve desired
effects.
•

Time-of-day influences other sedative drug effects. For example, a circadian night
rhythm effect has been noted in an investigation of infant propofol sedation after
major craniofacial surgery (1).

The impact of time-of-day on dexmedetomidine

pharmacokinetics has not been explored.
•

Dexmedetomidine has been reported to produce its sedative/hypnotic effect through
promotion of a sleep promoting pathway but the effect this has on patients’ sleepwake cycles has yet to be established.

1.1. Outline of thesis
This chapter provides a brief overview of α-2 adrenoceptors, including their distribution and
function. Alpha-2 adrenoceptor agonists as a class of drug are then introduced. The current
literature for dexmedetomidine pharmacokinetics and pharmacodynamics are reviewed and
areas requiring further research are highlighted. Physiological differences between adults and
children, and circadian rhythms are outlined along with an overview of pharmacological
modelling.
Chapter 2 describes a clinical study undertaken to determine the pharmacokinetics of
dexmedetomidine administered to children in the PICU after cardiac surgery. The effects of
covariates on pharmacokinetic parameters are examined and the developmental
pharmacokinetic profile described. Chapter 3 discusses optimal trial design and describes the
analysis of the design of the trial in Chapter 2.

Optimal trial designs for future

dexmedetomidine studies in children are described.
Circadian variation in the pharmacokinetics of dexmedetomidine is examined in Chapter 4.
The problems associated with the investigation of circadian rhythms in paediatric clinical
trials are discussed.
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Chapter 5 reports the analysis of a pooled dexmedetomidine data set. Data from children
given dexmedetomidine after cardiac surgery were pooled with those undergoing routine
anaesthesia in order to investigate differences between the populations.
Chapter 6 examines the sedative and analgesic effects of dexmedetomidine in postoperative
cardiac patients.

In Chapter 7 the pharmacokinetic-pharmacodynamic relationship for

dexmedetomidine and its effect on blood pressure is modelled.
Chapter 8 uses simulation to suggest dosing regimens for dexmedetomidine in different
clinical situations based on data from this thesis and that from the literature.
Finally, in Chapter 9 a general discussion is presented in which the findings of the studies
described in this thesis are reviewed alongside current knowledge of dexmedetomidine and
directions for future research is outlined.

1.2. Alpha-2 adrenoceptors
Adrenoceptors are membrane bound receptors that mediate the responses of the
catecholamines adrenaline and noradrenaline (2). Ahlquist established a pharmacological
classification for adrenoceptors in 1948, dividing them into two distinct classes; alpha (α) and
beta (β) (3). In 1974, Langer further divided the α adrenoceptors into α-1 and α-2 based on
their anatomical location; the postsynaptic α adrenoceptor which mediated responses in the
effector organ was designated α-1, and the presynaptic α adrenoceptor which regulated the
release of noradrenaline was designated α-2 (4). This classification was soon shown to be
inappropriate (5) leading to Betherseln and Pettinger proposing a functional classification
where α-1 adrenoceptors were responsible for excitatory responses and α-2 adrenoceptors
responsible for inhibitory responses, regardless of where they were located (6). However,
this functional classification was also found to be deficient (7). Neither anatomical nor
functional classifications provide a reliable means of classifying α adrenoceptors. Eventually
a pharmacological classification, based on relative affinity and selectivity of the αadrenoceptors for different agonists and antagonists, was developed (2).
Three human α-2 adrenoceptor subtypes have been defined based on their affinity for the α-2
adrenoceptor ligands, designated α-2A, α-2B and α-2C (8).

The genes responsible for

encoding α-2 adrenoceptors were later identified on chromosome 10 (9), chromosome 4 (10)
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and chromosome 2 (11) corresponding to the α-2 adrenoceptor subtypes α-2A, α-2B and α2C respectively (12).
1.2.1. Alpha-2 adrenoceptor signal transduction mechanisms

Alpha-2 adrenoceptors are G-protein coupled receptors that modulate cellular activity
through signalling of a second messenger or modulating ion channel activity. A number of
effector mechanisms have been described which appear to depend on the receptor subtype,
the location of the receptor and the concentration of the receptor agonist.
Coupling of α-2 adrenoceptors to pertussis-toxin sensitive Gi and Go proteins and the
subsequent inhibition of adenylyl cyclase has been well characterised (13, 14). Activation of
α-2 adrenoceptors coupled to Gi and Go proteins results in the inhibition of adenylyl cyclase
and subsequent decrease in 3’.5’-cyclic adenosine monophosphate (cAMP) formation. This
decreases cAMP-dependent protein kinase activity resulting in reduced phosphorylation of
regulatory proteins, but many of the physiological effects of α-2 adrenoceptor activation are
not explained by decreases in intracellular cAMP alone (15). Other G-protein mediated
second messenger systems that are associated with α-2 adrenoceptor activation include
stimulation of phospholipase A2 activity, Na+/ K+ exchange and arachidonic acid metabolism
(13). Recent evidence suggests that at high concentrations of α-2 agonists, α-2 adrenoceptors
couple with stimulatory Gs proteins resulting in increased adenylyl cyclase activity and
increased intracellular Ca2+, which is thought to be involved in the smooth muscle contracting
effects of α-2 agonists (14).
Activation of G-protein-gated K+ channels produces cell membrane hyperpolarisation,
leading to a reduction in firing rate of excitable cells and inhibition on neurotransmitter
release. (16, 17). G-protein coupled α-2 adrenoceptor activation can also lead to a decrease
in Ca2+ ion conductance through direct regulation of voltage-gated Ca2+ ion channels that
results in decreased neurotransmitter release from the nerve terminal (18, 19).
1.2.2. Distribution and functions of α-2 adrenoceptors

Alpha-2 adrenoceptors are widely distributed throughout the CNS and peripheral tissues (2022). Gene expression and immunohistochemical studies have shown that the density of α-2
receptor subtypes differs greatly in different areas of the CNS and peripheral tissues. Table
1.1 provides an overview of the distribution of α-2 adrenoceptor subtypes. In the CNS the α-
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2A and α-2C subtypes predominate whereas in the periphery the predominate subtypes are α2A and α-2B (23).

α-2A

α-2B

α-2C

Amygdaloid complex







Basal Ganglia







Brain stem







Cerebellum







Cerebral cortex







Hippocampal region







Hypothalamus







Midbrain







Olfactory system







Pons







Septal region







Thalamus







Spinal Cord







Aorta







Gastric mucosa







Heart







Kidneys







Liver







Platelets







Spleen







Region
Central Nervous System

Periphery

Table 1.1: Distribution of α-2 adrenoceptors in the CNS and periphery identified through gene expression
and/or immunohistochemical studies (20, 23-29).  indicates the presence and  the absence of α-2
adrenoceptor subtypes.

In the CNS the highest density of α-2 adrenoceptors is found in the locus coeruleus of the
brainstem (25, 29), an area important in regulating vigilance, attention and stress response.
The hypnotic and sedative effects of α-2 agonists are attributed to this site (30). High
5
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densities of α-2 adrenoceptors are also observed in the dorsal motor nucleus of the vagus
nerve (25, 29). Alpha-2 adrenoceptors at this site may play an important role in the centrally
mediated cardiovascular effects associated with α-2 adrenoceptor activation (25, 31, 32).
Other regions such as the nucleus tractus solitarius, parts of the ventrolateral medulla and the
raphe pallidus also show high densities of α-2 agonist binding sites and may also play a role
in α-2 adrenoceptor mediated cardiovascular changes (32-34). In the spinal cord α-2 agonist
binding sites have been demonstrated in the substantia gelatinosa and the intermediolateral
cell column (25). These sites in the spinal cord may be responsible for the analgesic effects
mediated by α-2 agonists. Alpha-2 adrenoceptors are found in both arterial and venous
vascular beds, and may be responsible for mediating vasoconstriction through inducing
smooth muscle contraction. Alpha-2 adrenoceptors are also found in platelets, the kidneys
and pancreas (13). The locations and physiological responses mediated by α-2 adrenoceptors
are shown in Figure 1.1 and Table 1.2.

Figure 1.1: Distribution and physiological response of α-2-adrenoceptors. Stimulation of α-2 adrenoceptors in
the central and peripheral nervous system produce sedation, analgesia, bradycardia, vasoconstriction and
vasodilation. Adapted from Kamibayshi and Maze, 2000 (35).
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Location

Response

Nervous System

Inhibition of neurotransmitters (e.g.
noradrenaline, acetylcholine, dopamine and
substance P)
Inhibition of neuronal firing: sedation,
hypotension, bradycardia, sleep, analgesia

Vascular Smooth Muscle

Contraction

Platelets

Aggregation

Gastrointestinal tract

Decreased salivation, intestinal secretion and
bowel motility

Pancreas

Decreased insulin release

Hypothalamus

Increased growth hormone release

Adipose tissue

Inhibition of lipolysis

Kidney

Inhibition of renin release, increased
glomerular filtration, increased secretion of
Na+ and H20

Eye

Decreased intraocular pressure
Table 1.2: Locations and physiological responses mediated by α-2 adrenoceptors.

1.3. Alpha-2 adrenoceptor agonists
There are two α-2 adrenoceptor agonists commonly used in anaesthetic practice: clonidine
and dexmedetomidine. Clonidine has been used by anaesthetists for a number of years as an
adjunct to general anaesthesia.

Dexmedetomidine is approximately eight times more

selective for the α-2 adrenoceptor than clonidine with an α-2:α-1 selectivity ratio of 1600:1
(36).

Dexmedetomidine possesses full agonist properties and has a more predictable

pharmacokinetic profile than clonidine.
1.3.1. Pharmacokinetics
1.3.1.1. Adults

The pharmacokinetic profile of dexmedetomidine in adults has been studied after a single
intravenous dose and constant infusions. Pharmacokinetic parameters from studies in both
healthy volunteers and postoperative ICU patients are outlined in Table 1.3.
Dexmedetomidine is commonly described using a two-compartment model. It has a rapid
distribution phase with a distribution half life of approximately 6 min (37). The terminal
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elimination half life of dexmedetomidine is approximately 2 to 2.5 h (37-43).

The

elimination half life does not appear to differ significantly in postoperative patients from
healthy volunteers (42, 43). These confounded parameters (T1/2α and T1/2β ) calculated from
clearance and volume of distribution may not reflect differences in patient populations,
because clearance and volume of distribution may be altered independently of each other in
different populations. The steady state volume of distribution of dexmedetomidine has been
estimated to range from approximately 68 L to 172 L (37-43). There is also some variation in
clearance among studies, ranging from approximately 33 L.h-1 to 53 L.h-1. The average
clearance is approximately 45 L.h-1 (37-43) in adults. Dexmedetomidine is highly plasma
protein bound (94%) (41). Pharmacokinetic parameters for dexmedetomidine do not appear
to vary significantly between males or females, or between young, middle aged or elderly
adults (44).
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2001 † (39)

Kivisto KT et al
– 1994 † (40)

De Wolf AM et al
– 2001 † (41)

Talke P et al –
1997† (42)

Venn et al –
2002 ‡ (43)

Bolus

Infusion

Bolus

Bolus

Study type

Healthy
volunteers

Healthy
volunteers

Healthy
volunteers

Healthy
volunteers

Infusion

Infusion

Post op patients

Post op patients

Number of Patients

12

10

9

6

8

10

T1/2α (min)

6.5 (3.4)

–

–

–

–

8.64 (1.31)

T1/2β (h)

2.17 (0.42)

2.27 (0.456)

3.1 (1.2)

2.27 (0.217)

2.2

3.14 (0.62)

Vss (L)

121 (20.1)

126 (18.1)

–

156.3 (32.4)

102.1

172.8 (52.5)

V1 (L)

–

–

–

43.5 (14.0)

–

–

V2 (L)

–

–

–

112.9 (25.8)

–

–

CL(L.h-1)

47.4 (9.01)

41.3 (8.15)

49.2 (7.9)

53.4 (6.6)

45.06

48.29 (15.90)
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Table 1.3: Pharmacokinetic parameters for dexmedetomidine from studies using various doses and intravenous dosing strategies in adults (37, 39-43).
† mean (SD),‡ mean (SE).
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The effects of both hepatic and renal impairment on dexmedetomidine pharmacokinetics
have been reported in a review by Karol and Maze (36) who reference Abbott Laboratories
Internal Reports, which I have been unable to access. This review states that there is no
significant difference in the pharmacokinetics of dexmedetomidine between patients with
severe renal impairment and healthy volunteers. This is supported by De Wolf et al (41) who
report that there was no difference in steady state volume of distribution or clearance between
healthy volunteers and patients with renal impairment (41). These data suggest that the
kidneys do not play a significant role in the elimination of dexmedetomidine.
Dexmedetomidine is metabolised extensively by the liver (refer to section 1.3.1.3). It is
therefore likely that patients with hepatic dysfunction may exhibit an altered pharmacokinetic
profile. The effect of hepatic impairment has been reported by Karol and Maze (36) in their
review referencing Abbott Laboratories Internal Reports. It was found that the clearance of
dexmedetomidine in subjects with mild, moderate or severe hepatic impairment was 74%,
64% and 53% that of healthy subjects, respectively (44). This reduction in clearance is
associated with a prolonged elimination half life; patients with severe hepatic impairment
have an elimination half life of up to 7.4 h compared to approximately 2 to 2.5 h in healthy
volunteers (44).
The pharmacokinetic profile of dexmedetomidine has been well characterised in adult
volunteers and postoperative ICU patients. Although the drug is now also approved as an
adult procedural sedative and therefore used ‘on-label’ in most adult settings, it remains
unclear if the pharmacokinetics of dexmedetomidine are altered in special adult
subpopulations such as burns patients or trauma patients where their physiology may differ
from those in which dexmedetomidine has been extensively studied.
1.3.1.2. Paediatrics

Prior to the work described in this thesis, information on the pharmacokinetics of
dexmedetomidine in children was limited to three publications. The first by Petroz et al (45)
examined the pharmacokinetic profile in 36 children undergoing lower abdominal, urologic
or plastic surgery aged between 2 and 12 years. The second, by Diaz et al (46) investigated
dexmedetomidine pharmacokinetics in 10 children undergoing cardiac or craniofacial surgery
aged between 4 months and 8 years.

The third by Vilo et al (47) studied the

pharmacokinetics of dexmedetomidine in eight children undergoing bronchoscopy or nuclear
magnetic resonance imaging aged from 28 days to 11 years.
10
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pharmacokinetic parameters similar to those found in adults (Table 1.4). Neither the Petroz
nor the Diaz studies allowed for the investigation of maturation changes with age; the Petroz
study did not include children less than 2 years of age and the Diaz study had insufficient
numbers to allow investigation of this. Immature physiological and biochemical processes in
infants and neonates will affect the way that the drug is cleared from the body and the
subsequent response elicited, especially during the first year of life (see section 1.5).
One of the most important factors in the pharmacological profile of drugs in neonates and
infants is the development of processes involved in systemic clearance which is primarily
through two processes: hepatic metabolism or renal elimination, or both. Dexmedetomidine
appears to be primarily cleared through hepatic metabolism. The developmental changes in
this process in the first few months or years of life have the potential to cause different
pharmacokinetic profiles for dexmedetomidine than in older children and adults.
Vilo et al compared the pharmacokinetic profile of dexmedetomidine in children over 2 years
of age with that of children less than 2 years of age. They found that there was a significant
difference (p<0.05) in the steady state volume of distribution of dexmedetomidine in children
younger than 2 years of age than in children older than 2 years of age (Vss <2y 3.8 L.kg-1,
Vss >2y 2.2 L.kg-1), which resulted in a shorter T1/2β in the older children (T1/2β <2y = 2.3h,
T1/2β >2y = 1.6h). The authors did not report any difference in clearance between the two
groups. This study is the first published study to examine the age-related changes in the
pharmacokinetics of dexmedetomidine in children. However, there was large inter-individual
variation in the pharmacokinetic parameters in the children under 2 years of age, and the
sample size (n=8) was small (48).
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CL (L.h-1.kg-1)

Petroz et al (45)

Diaz et al (46)

Vilo et al (48)

0.78

0.80

1.04

-1

0.81

–

–

-1

V2 (L.kg )

1.00

–

–

-1

Vss (L.kg )

1.81

1.55

2.20

T1/2α (min)

9.00

10.20

–

T1/2β (h)

1.83

2.65

1.60

V1 (L.kg )

Table 1.4: Pharmacokinetic parameters for dexmedetomidine in children.

Despite the work outlined above, aspects of dexmedetomidine pharmacology in children have
not been described.

Dexmedetomidine is commonly used in the PICU for sedation in

children after cardiac surgery, a patient population that may have altered hepatic function and
therefore, altered pharmacokinetic parameters compared to those after general surgery. We
also know that hepatic function is immature at birth and develops over the first months to
years of life (refer to section 1.5), yet the developmental pharmacokinetics of
dexmedetomidine is still to be clearly defined.

The investigation of these aspects of

dexmedetomidine pharmacokinetics are the subject of the work described in Chapter 2, which
has been published in Pediatric Anesthesia (49). The pharmacokinetics of dexmedetomidine
in infants after cardiac surgery has since been described by Su et al in a paper published in
2010 (50). The findings of that paper will be discussed in Chapter 9. Pooling of data from
multiple studies allows for a comprehensive analysis of the pharmacokinetic profile of a drug.
Data from children who received dexmedetomidine after cardiac and general surgery are
pooled and analysed in Chapter 5.

That analysis has also been published in Pediatric

Anesthesia (51).
1.3.1.3. Metabolism and enzymes involved

An extensive literature search did not locate any published studies on the metabolism of
dexmedetomidine, but a review article by Karol et al (36) describes the biotransformation of
dexmedetomidine and again references Abbott Laboratories Internal Reports:
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“Dexmedetomidine

undergoes

almost

complete

biotransformation

through

direct

glucuronidation and hydroxylation mediated primarily by CYP2A6. Following an infusion of 2
μg.kg-1 of radio-labelled dexmedetomidine (H3dexmedetomidine) 95% was excreted in the
urine and 4% excreted in the faeces over 9 days. There was no unchanged dexmedetomidine
detected in the urine. The major urinary metabolites of dexmedetomidine biotransformation
are a product of direct N-glucuronidation of dexmedetomidine, making up 34% of urinary
metabolites. N-methyl O-glucuronide, the glucuronidate of the cytochrome P450 metabolite,
was found to account for over 14% of the urinary metabolites . It has been suggested by in
vitro studies on cDNA expressed CYPs that CYP1A1, CYP2E1, CYP2D6 and CYP2C19 may also
play a role in the biotransformation of dexmedetomidine” (44).

The UGT isoforms responsible for dexmedetomidine glucuronidation have not been reported.
The CYP and UGT enzymes responsible for the metabolism of dexmedetomidine are
immature in neonates. The maturation of these enzyme systems are described in section
1.5.1. The immaturity of these metabolising systems may result in reduced clearance of
dexmedetomidine in neonates and infants.
In vitro studies in human liver microsomes suggest that dexmedetomidine is a potent
inhibitor of CYP1A, CYP3A, CYP2C9 and CYP2D6 (52-55), but it remains unclear if this
inhibition produces a clinically significant change in the pharmacokinetics of any
concomitantly administered drugs.
1.3.2. Mechanism of Action
1.3.2.1. Cardiovascular System Effects

Activation of α-2 adrenoceptors results in two opposing effects: sympatholysis and its
converse, an increase in systemic vascular resistance (35, 56, 57). Centrally, α-2 agonist
administration reduces blood pressure by attenuating sympathetic nervous system tone
through a decrease in both spontaneous and evoked sympathetic activity (58). Stimulation of
central postsynaptic α-2 adrenoceptors results in the inhibition of sympathetic outflow and
the subsequent decrease in plasma catecholamine levels through action at regulatory centres
in the brainstem, such as the locus coeruleus and the nucleus tractus solitarius (35, 58-60).
Activation of presynaptic α-2 adrenoceptors reduces the release of catecholamines from the
neuroeffector junction (35, 61). The decrease in blood pressure corresponds to the decrease
in circulating plasma catecholamines (62). At the same time, α-2 adrenoceptors in the
13
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periphery cause vasoconstriction leading to increased vascular resistance (59, 63, 64). The
overall effect on blood pressure is the sum of these two opposing effects.
The role of the different α-2 adrenoceptor subtypes in blood pressure control has been
investigated in animal models.

The introduction of a point mutation (substitution of

asparagine for aspartate) into the α-2A adrenoceptor subtype gene resulted in the loss of the
hypotensive response to α-2 agonists in the mutant mice (65). This suggests that the α-2A
adrenoceptor subtype plays a key role in the central hypotensive response of α-2 agonists.
Link et al showed that the hypertensive effect of α-2 agonists is mediated by the α-2B
receptor subtype (66). Using knockout mice deficient in either α-2B or α-2C adrenoceptor
subtypes the authors found that the hypertensive effect of α-2 agonists was lacking in the α2B knockout mice (66). No difference was found between α-2C knockout mice and control
mice. This suggests that it is the stimulation of peripheral α-2B adrenoceptors that produces
the hypertensive effects seen after administration of α-2 agonists. It was also noted that the
hypotensive response was significantly greater in α-2B knockout mice compared to control
mice (66), suggesting that the magnitude of hypotension caused by α-2 agonist stimulation is
the summation of the α-2B vasoconstrictive effect and the α-2A sympatholytic effect.
Adult and animal data demonstrate that α-2 agonists produce a dose dependent decrease in
heart rate. As with blood pressure, this is caused by a decrease in sympathetic tone (59). If
high plasma concentrations of α-2 agonists are achieved, either by rapid administration or
inadvertent overdose, the sudden increase in blood pressure may cause a brief episode of
reflex bradycardia (59).
1.3.2.2. Central Nervous System
Analgesia

The precise mechanism of action whereby α-2 agonists produce analgesia has not yet been
fully elucidated. At least two mechanisms have been identified: 1) activation of inwardly
rectifying K+ channels which results in membrane hyperpolarisation preventing CNS cell
firing, and 2) reduction of Ca2+ conductance into cells inhibiting the release of
neurotransmitters such as substance P. These two actions appear to modulate nociceptive
transmission in the CNS (63).

14

Chapter 1 – General Introduction

The exact sites at which α-2 agonists produce their analgesic effect is also uncertain, with
spinal, supraspinal and peripheral sites of action all being suggested.

There is strong

evidence that stimulation of α-2 adrenoceptors in the spinal cord, predominately the α-2A
adrenoceptor subtype, produces analgesia (67-69). Stimulation of α-2 adrenoceptors in the
dorsal horn inhibits firing of nociceptive neurons (70), inhibits release of neurotransmitters
such as substance P (71), and promotes the release of acetylcholine into the spinal cord (72).
There has been considerable debate over a supraspinal site of action, with studies both
supporting and opposing analgesia mediated at this level.

Direct administration of α-2

agonist clonidine to the brainstem does not produce analgesia, and analgesia produced by
spinal clonidine persists after spinal transection (73, 74). It has also been suggested that any
central analgesic effect of α-2 agonists may be mediated by its sedative properties, decreasing
the unpleasant experience of pain (75).

Although these data suggest that there is no

supraspinal site of action, there is conflicting evidence suggesting that α-2 agonists may
mediate their analgesic effect at a supraspinal level. For example, lesions to the LC attenuated
the antinociceptive effect of systemically administered clonidine (76), antinociception
produced by electrical stimulation in the LC is augmented by clonidine and attenuated by α-2
antagonists (77), and intrathecal administration of clonidine inhibits the spontaneous
discharge rate of noradrenergic neurons in the LC (78). Clonidine is a highly lipophilic drug
that rapidly diffuses from the spinal cord to supraspinal sites and therefore a supraspinal site
of action cannot be overlooked (78).
It was originally thought that there were no peripheral analgesic actions of α-2 agonists as the
administration of α-2 agonists that did not cross the blood brain barrier did not produce
analgesia (79), but more recent evidence suggests that there may in fact be a peripheral site of
action. Nakamura et al found that stimulation of peripheral α-2 adrenoceptors causes the
release of an enkepalin-like substance which produces peripheral antinociception through
opioid receptor activation (80).
Sedation and anxiolysis

The LC has one of the highest densities of α-2 adrenoceptors in the brain and is an important
site for vigilance and the control of the sleep-wake cycle. The LC is also the area from which
the main ascending and descending noradrenergic pathways in the brain originate (30, 62).
The sedative and anxiolytic effects of α-2 agonists are attributed to activation of α-2
adrenoceptors in the LC (62).
15
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Lakhlani et al have shown that the sedative effect of α-2 agonists appears to be mediated
through the α-2A adrenoceptor subtype (69). The authors found that mice with a mutation of
the α-2A adrenoceptor lost the sedative effect of α-2 agonists as evaluated by the ability of
mice to remain on a rotating bar. Increasing doses of dexmedetomidine reduced the ability of
wild type mice to remain on a rotating bar, showing dose dependent sedation. Wild type
mice also experienced prolonged sleep after administration of dexmedetomidine. In the
mutant group, dexmedetomidine did not reduce ability to remain on a rotating bar, nor did it
elicit sleep. The authors also examined the sedative effect of pentobarbital, a non α-2
adrenoceptor sedative, on both wild type and mutant mice and found that there was no
difference between the two groups, both being sedated after administration of pentobarbital
(69). These data suggest that it is the stimulation of the α-2A adrenoceptor subtype that is
responsible for the sedative actions of α-2 agonists.

MacDonald et al examined the

distribution of the mRNA of the three different α-2 adrenoceptor subtypes (81).

They

established that the α-2A adrenoceptor is found throughout the brain, primarily in the LC
(81). Together this suggests that it is the activation of the α-2A adrenoceptor subtype in the
LC of the brainstem that is primarily responsible for the sedative actions of α-2 agonists.
The binding of α-2 agonists to α-2A adrenoceptors in the LC results in the activation of
inwardly rectifying K+ channels, promoting the efflux of K+ and inhibition of voltage gated
Ca2+ channels. The resultant hyperpolarisation causes a decrease in the firing rate of neurons
in the LC, reducing central sympathetic output resulting in increased firing of inhibitor
neurons (82-84).
It has recently been suggested that one pathway by which α-2 agonists produce sedation is
through modulating endogenous sleep-promoting pathways (82). One hypothesised sleep
pathway involved the inhibitory neurotransmitter GABA, which is sleep promoting.
GABAergic neurons in the ventrolateral preoptic nucleus are under inhibitory control by
noradrenaline released from the LC. Histamine is released from the tuberomamillary nucleus
into cortical and subcortical areas promoting wakefulness (Figure 1.2A). Sleep is promoted
when there is a decrease in noradrenaline release from the LC thereby disinhibiting VLPO
neurons which become activated, releasing GABA and galanin (Gal). These VLPO neurons
innervate both the TMN and the LC. GABA and galanin inhibit neuronal firing at the LC,
further decreasing neuronal firing. GABA and galanin also inhibit neuronal firing at the
TMN, reducing histamine release and also promoting sleep (Figure 1.2B) (82).
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Figure 1.2: One sleep promoting pathway hypothesised by Nelson et al (82). A. Arousal B. Sleep

Nelson et al showed that dexmedetomidine acts on this pathway to produce its sedative
effects. By binding to α-2 adrenoceptors in the LC, α-2 agonists inhibit neuronal firing
thereby allowing GABA and galanin release from the VLPO. This affect was attenuated by
both α-2 and GABAA receptor antagonists, suggesting that GABA plays an important role in
the sedative effect produced by α-2 agonists. The expression of the immediate early gene
c-Fos (a protein used as a marker of neuronal activity) induced by dexmedetomidine sedation
was found to be similar to that produced by natural endogenous sleep.

VLPO lesions

confirmed that the sleep promoting pathway was causally involved as animals with lesions to
the VLPO showed no sedative response to dexmedetomidine (82). The proposed pathway for
dexmedetomidine induced sedation is shown in Figure 1.3.
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Figure 1.3: Action of dexmedetomidine on the endogenous sleep promoting pathway hypothesised by Nelson el
al (82).

Alpha-2C adrenoceptors are also distributed throughout the brain. It has been suggested by
Sallinen et al that the anxiolytic effects of α-2 agonists are mediated, at least in part, through
the α-2C adrenoceptor (85). Using two genetically engineered mouse strains, one an α-2C
adrenoceptor knock out and the other over-expressing α-2C adrenoceptors, Sallinen and
colleagues investigated the role of α-2C adrenoceptors in startle reflex and prepulse
inhibition. The startle reflex is a short latency response of the skeletal musculature elicited
by a sudden auditory stimulus. Startle reflex can be modulated by fear and stress. Prepulse
inhibition is the attenuation of the startle reflex response produced by a prepulse. Sheinin et
al found that a lack of α-2C adrenoceptor expression was associated with increased startle
reactivity and reduced prepulse inhibition. Over expression of α-2C adrenoceptors resulted in
the opposite (85). These results suggest that the α-2C adrenoceptor may play an important
role in α-2 adrenoceptor mediated anxiolysis.
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1.3.3. Pharmacodynamics
1.3.3.1. Adults

The pharmacodynamics of dexmedetomidine have been investigated in healthy volunteers
and in the clinical environment. The majority of studies investigating the pharmacodynamics
of dexmedetomidine have been undertaken in postoperative intensive care patients who
require mechanical ventilation.

A summary of selected pharmacodynamic studies of

dexmedetomidine are outlined in Table 1.5.
Data on concentration-effect relationships for dexmedetomidine are scant, especially those
describing the plasma concentration at which dexmedetomidine produces sedation and
analgesia. This information may be inferred from some published reports but has yet to be
clearly defined. There are a few papers describing the concentration-effect relationship for
blood pressure and dexmedetomidine (61, 86, 87) but these studies are restricted to healthy
volunteers and may not adequately describe the relationship in patients with altered
physiology and pathology. Determining appropriate dosage regimens would be simplified
with an accurate knowledge of the target concentration required to produce a particular effect.
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Study
Design

Population

Intervention

Study Endpoints

Results

Ref

Prospective,
randomised,
doubleblind,
placebocontrolled

Postoperative
general and
cardiac surgery
patients
requiring
mechanical
ventilation for at
least 6 h
(n=119)

Dexmedetomidine 1.0
µg.kg-1 over 10 min then
continuous infusion 0.20.7 µg.kg-1.h-1 for up to 24
h or placebo

Midazolam and
morphine requirements

Significant reduction in midazolam
(p < 0.0001) and morphine (p =
0.0135) requirements during 0-6 h
period in dexmedetomidine group

Venn et al,
1999 (88)

Rescue morphine or
midazolam for analgesia
and sedation, respectively

Dexmedetomidine dose
needed to attain a RSS
score of >2 while
intubated
Time to extubation
Haemodynamic
parameters
Adverse events

Significant reduction in midazolam
(p < 0.0001) and morphine (p =
0.0006) requirements in
dexmedetomidine group while
intubated
No differences in RSS score while
patients were intubated
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Significant reduction in SBP, DBP
and HR in the dexmedetomidine
group
Prospective,
randomised

Dexmedetomidine 2.5
µg.kg-1 over 10 min then
continuous infusion 0.22.5 µg.kg-1.h-1 for up to 24
h or
propofol 1
mg.kg-1 bolus then
continuous infusion 1-3
mg.kg-1.h-1

Degree of sedation using
RSS and BIS

Sedation was similar in the two
Venn et al
groups as measured by RSS and BIS 2001 (89, 90)

Time to extubation
Additive analgesic and
sedative needs

Significantly lower alfentanil
requirement in dexmedetomidine
group (p = 0.004)

Haemodynamic
parameters

Significantly lower HR in the
dexmedetomidine group (p = 0.034)

Rescue alfentanil 0.25-1.0
µg.kg-1.min-1

Adverse events
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Postoperative
patients
requiring
mechanical
ventilation for at
least 8 h (n =
20)

Study
Design

Population

Intervention

Study Endpoints

Results

Ref

Prospective,
randomised,
doubleblind,
placebocontrolled

Postoperative
cardiac and
general surgery
patients
requiring
mechanical
ventilation for at
least 6 h (n=30)

Dexmedetomidine 1.0
µg.kg-1 for 10 min then
continuous infusion 0.10.7 µg.kg-1.h-1 for up to 72
h or placebo

Ability to maintain BIS
within range of 60-70
during mechanical
ventilation, 65-95 during
weaning, and 85-95
postextubation

No significant differences in mean
BIS at any time point

Triltsch et al,
2002 (91)

Propofol was available for
rescue sedation
Morphine was available
for rescue analgesia

Time to extubation
Additive analgesic and
sedative needs
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Mechanically
ventilated
medical ICU
patients (n = 12)

Dexmedetomidine 1.0
µg.kg-1 over 10 min then
continuous infusion of 0.22.5 µg.kg-1.h-1 for up to 7
days.

Dexmedetomidine dose
required to maintain a
RSS score of > 2 while
intubated

Mean dexmedetomidine infusion for Venn et al,
first 4 patients was 0.7 µg.kg-1.h-1,
2003 (92)
all required rescue propofol to
maintain a RSS score of > 2

Haemodynamic
parameters

Mean dexmedetomidine infusion for
second group of patients was 1.0 +
0.7 µg.kg-1.h-1, 25% (2/8) of these
patients did not require propofol or
morphine rescue medications

Propofol and morphine
were available for rescue
sedation and analgesia,
respectively

Adverse Events
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Adverse events

HR and SBP was significantly
higher in the placebo group after
extubation (p < 0.01 and p = 0.05,
respectively)

Haemodynamic
parameters

Prospective,
observation
al

Compared to the dexmedetomidine
group the placebo group required
significantly more propofol to
achieve same level of BIS during
mechanical ventilation and weaning
(p = 0.006 and p < 0.001,
respectively)

Population

Intervention

Study Endpoints

Results

Ref

Prospective,
randomised,
doubleblind,
placebocontrolled

Postoperative
patients
requiring
mechanical
ventilation for at
least 6 h
(n = 401)

Dexmedetomidine 1.0
µg.kg-1.h-1 over 10 min
then continuous infusion
of 0.2-0.7 µg.kg-1.h-1
titrated maintain a RSS
score of > 3 during
ventilation or a RSS score
of > 2 after extubation or
placebo

Amount of propofol
required to maintain a
RSS score of > 3 during
mechanical ventilation

Significantly less propofol required
in dexmedetomidine group (p <
0.0001)

Martin et al,
2003 (93)

Propofol and morphine
were available for rescue
sedation and analgesia,
respectively

Patient satisfaction

Dexmedetomidine 1.0
µg.kg-1.h-1 over 20 min
then continuous infusion
of 0.2-0.7 µg.kg-1.h-1
titrated maintain a RSS
score of > 3 during
ventilation or a RSS score
of > 2 after extubation or
standard propofol infusion

Efficacy of sedation as
measured by RSS

No significant differences in RSS
scores

Morphine requirements

Morphine requirement in the
dexmedetomidine group was
significantly lower than in the
propofol group (p < 0.0001).
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Study
Design

Prospective,
randomised

Propofol was available for
additional sedation

Time to extubation
Nurse assessment
Haemodynamic
parameters

Time to extubation
Haemodynamic
parameters

Significantly less morphine
administered to dexmedetomidine
group during mechanical ventilation
( p < 0.0001)
Higher incidence of hypotension
and bradycardia in
dexmedetomidine group

No significant difference in time to
extubation

Herr et al,
2003 (94)
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Postoperative
CABG patients
(n = 295)

Total morphine
requirements

RSS scores were similar between
groups during mechanical
ventilation, no significant difference
in time to extubation
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Study
Design

Population

Intervention

Study Endpoints

Results

Ref

Prospective,
open-label

Postoperative
cardiac or
general surgery
patients (n = 50)

Dexmedetomidine 0.2-0.7
µg.kg-1.h-1 titrated to
mMAAS score of 0 or 1

Rescue sedation and
analgesia

42% of patients received
dexmedetomidine as a single agent,
38% required minimal rescue
sedation or analgesia

Ickeringill et
al, 2004 (95)

Surgical
patients
undergoing
molar extraction
(n = 60)

Dexmedetomidine (up to
1.0 µg.kg-1) or midazolam
(up to 5 mg) infused to
achieve a RSS score of 4
(with local anaesthesia)

All patients receiving
dexmedetomidine were adequately
sedated compared to 93% of
patients receiving midazolam

Cheung et al
2007 (96)

Prospective,
randomised,
doubleblind

Time to extubation
Haemodynamic
parameters

Degree of sedation using
RSS
Haemodynamics
Postoperative analgesia
Patient satisfaction

HR and BP during surgery were
lower in the dexmedetomidine
group
No significant difference in patient
satisfaction scores
Chapter 1 – General Introduction

Table 1.5: Summary of selected studies evaluating the pharmacodynamics of dexmedetomidine. BIS = Bispectral Index; DBP = Diastolic Blood Pressure;
HR =
Heart Rate; ICU = Intensive Care Unit; mMAAS = modified Motor Activity Assessment; RSS = Ramsay Sedation Scale (95); SBP = Systolic Blood Pressure.
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Haemodynamic effects

A number of studies have examined the effect of a single bolus of dexmedetomidine in
healthy volunteers at varying doses (0.25 to 2 µg.kg-1) (61, 97, 98).

All doses of

dexmedetomidine produced a significant reduction in blood pressure (Table 1.6).

The

maximum decrease in blood pressure occurred approximately 60 min after dexmedetomidine
administration. At higher doses of dexmedetomidine (1.0 and 2.0 µg.kg-1), a biphasic effect
on blood pressure was seen, with an initial increase followed by a decrease. Blood pressure
remained significantly reduced from baseline for more than five hours after administration in
these patients (61). A similar duration of effect was found by Dyck et al; after a 2.0 µg.kg-1
bolus of dexmedetomidine blood pressure was significantly reduced for at least four hours
(98).

Dexmedetomidine dose
(µg.kg-1)

Jaakola et al
% decrease in SBP
(97)

0.25
0.5

Bloor et al
% decrease in
MAP (61)

Dyck et al
% decrease in
MAP (98)

14
11

16

1.0

23

2.0

27

20

Table 1.6: Percentage maximum decrease in blood pressure after a single bolus dose of dexmedetomidine in
healthy adult volunteers (61, 97, 98). SBP=systolic blood pressure, MAP=mean arterial blood pressure.

Arain et al compared dexmedetomidine to morphine in adult patients undergoing elective
surgery. Prior to completion of surgery, patients randomly received either dexmedetomidine
(1 µg.kg-1 loading dose over 10 min followed by 0.4 µg.kg-1.h-1 continuous infusion for four
hours) or morphine (a single intravenous dose of 0.08 mg.kg-1) for analgesia after surgery
(99). Heart rate was slower in the dexmedetomidine group but there was no significant
difference between groups in mean arterial blood pressure after administration of
dexmedetomidine or morphine (99). In a similar study, Venn et al found that there was no
significant difference in blood pressure between patients treated with dexmedetomidine (2.5
µg.kg-1 loading dose over 10 min followed by continuous infusion of 0.2-2.5 µg.kg-1.h-1) and
those treated with propofol (continuous infusion at 1-3 mg.kg-1.h-1) (100).
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Although no concentration-effect relationship was modelled, Bloor et al reported
dexmedetomidine plasma concentrations along with the effect on blood pressure. A single
intravenous dose of 1.0 or 2.0 µg.kg-1 was associated with a significant increase in blood
pressure one min after administration compared to baseline. At 10 min after administration,
blood pressure remained increased in the 2.0 µg.kg-1 group but was now significantly reduced
in the 1.0 µg.kg-1 group. Plasma concentrations at 10 min were 2.30 ng.mL-1 and 0.94
ng.mL-1 in the 2.0 and 1.0 µg.kg-1 groups respectively. These data suggest that a plasma
concentration of over 0.94 ng.mL-1 is required before an increase in blood pressure is seen
(61). This finding is supported by Ebert et al who determined the effects of increasing
plasma dexmedetomidine concentrations on blood pressure and heart rate in healthy
volunteers (87). Dexmedetomidine was administered as a continuous infusion until target
concentration was achieved. At plasma dexmedetomidine concentrations of 0.7 to 1.2 ng.mL1

, there was a significant decrease in blood pressure from baseline values. However, at

plasma dexmedetomidine concentrations of above 3.2 ng.ml-1 there was a progressive

Mean arterial blood pressure (mmHg)

increase in blood pressure (Figure 1.4) (87).
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Figure 1.4: Change in mean arterial pressure with increasing plasma concentration of dexmedetomidine,
showing a biphasic response to increasing dexmedetomidine concentration. * indicates statistically
significant difference compared to baseline. Data from Ebert et al (87).
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Sedation

The sedative effects of dexmedetomidine were first examined in healthy volunteers. Hall et
al found that increasing doses of dexmedetomidine produced increased sedation, determined
by visual analogue sedation scores (101).

In an abstract published in Anesthesiology,

Morrison et al state that higher serum concentrations (0.6 and 1.25 ng.mL-1) of
dexmedetomidine produced a longer duration and deeper level of sedation compared to lower
serum concentrations (0.3 ng.mL-1) in healthy adult subjects (102). Further research is
required to quantify a concentration-effect relationship for dexmedetomidine and sedation.
A number of placebo controlled trials have examined the sedative effect of dexmedetomidine
in postoperative ICU patients. Venn et al investigated dexmedetomidine versus placebo in
105 postoperative ICU patients requiring mechanical ventilation (88). Dexmedetomidine was
administered as a 1 µg.kg-1 loading dose over 10 min followed by a continuous infusion of
0.2 to 0.7 µg.kg-1.h-1. Rescue midazolam was available for sedation. Sedation was assessed
using the Ramsay Sedation Scale (Table 1.7). There was no difference in Ramsay Sedation
Score (RSS) between groups but the patients in the dexmedetomidine group received 80%
less midazolam than the placebo group (mean (SD): 4.9 (5.8) vs. 23.7 (27.5) µg.kg-1.h-1;
p<0.0001).
A similar prospective randomised placebo controlled trial by Martin et al examined
dexmedetomidine for sedation in mechanically ventilated postoperative intensive care
patients for a maximum of 24 h (93). Dexmedetomidine was administered as a loading dose
of 1.0 µg.kg-1 over 10 min followed by a continuous infusion of 0.2 to 0.7 µg.kg-1.h-1 titrated
to maintain a RSS of > 3 (Table 1.7). Both groups were similarly sedated during mechanical
ventilation but the placebo group required significantly more rescue propofol than patients in
the dexmedetomidine group (Figure 1.5). Sixty percent of patients in the dexmedetomidine
group required no rescue propofol compared with 24% in the placebo group.

Overall,

patients in the dexmedetomidine group received 86% less propofol than the placebo group.
Subjectively, nursing staff reported that patients receiving dexmedetomidine were easier to
manage and patients themselves reported less remembered pain and discomfort.

26

Chapter 1 –General Introduction

RSS

Observation

1

Anxious, agitated, or restless

2

Cooperative, orientated and tranquil

3

Responsive to commands

4

Asleep, but with brisk response to light glabellar tap or loud auditory
stimulus

5

Asleep, sluggish response to glabellar tap or auditory stimulus

6

Asleep, no response
Table 1.7: Ramsay Sedation Scale.
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Propofol (mg)
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400
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200

100

0

During mechanical ventilation

During study drug administration

Figure 1.5: Amount of rescue sedation administered during mechanical ventilation and entire period of study
drug administration for dexmedetomidine (grey bar) and placebo (black bar) groups. Data from Martin et al
(93).
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Analgesia

The analgesic effects of dexmedetomidine have yet to be adequately described; in fact debate
exists as to whether or not dexmedetomidine has any intrinsic analgesic effects. Studies in
healthy volunteers have found that the analgesic effect of dexmedetomidine appears to
depend on the pain model used. Ebert et al (87) demonstrated that the analgesic effect to the
cold-pressor test increased with increasing dexmedetomidine plasma concentrations. Using
the same experimental pain model Hall et al (101) found a 30% reduction in VASpain after a
dexmedetomidine dosage regimen of a 6.0 µg.kg-1.h-1 loading dose over 10 min followed by a
maintenance infusion of 0.2 or 0.6 µg.kg-1.h-1 for 50 min. Jaakola et al have also shown a
significant reduction in the response to painful stimuli (electrical stimulation of tooth crown
and tightening of sphygmomanometer cuff on the upper arm) in healthy volunteers, which
continued for at least one hour after drug administration and was comparable to 2.0 µg.kg-1of
fentanyl (97). However, the direct comparison of dexmedetomidine with opioid analgesics in
healthy adult volunteers suggests that dexmedetomidine has limited analgesic activity when
using a heat-pain stimulation model (103). These authors also report that there may be
ceiling in the analgesic effect produced by dexmedetomidine as there was no difference in
analgesic effect with increasing target plasma concentrations of dexmedetomidine (0.6 to 1.2
ng.mL-1) . A ceiling to analgesic activity has also been reported when using an ischaemic
pain model (104). Despite this limitation in using pain models, a number of studies have
shown that dexmedetomidine reduces postoperative morphine requirements by 50 to 80%
(88, 90, 99, 105). A concentration-effect relationship for dexmedetomidine and its analgesic
effect remains to be determined.

1.3.3.2. Paediatrics
Haemodynamic effects

Dexmedetomidine has been reported to reduce blood pressure and heart rate in adult patients
(Section 1.3.3.1).

Numerous case reports and retrospective studies have shown that

dexmedetomidine also reduces heart rate and blood pressure in paediatric patients (106-111).
A prospective, randomised placebo controlled trial by Mukhtar et al examined the
haemodynamic effects of dexmedetomidine in 30 intra-operative cardiac patients (112).
Patients were randomised to receive either dexmedetomidine (loading dose of 0.5 µg.kg-1
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over 10 min followed by a continuous infusion of 0.5 µg.kg-1.h-1) or normal saline. The study
drug was administered after insertion of a central venous catheter and the continuous infusion
was discontinued at the end of cardiopulmonary bypass. Heart rate was significantly reduced
in comparison with baseline and with the control group at all time points (Figure 1.6).
Systolic blood pressure was also decreased compared to baseline after dexmedetomidine
administration and was similarly reduced compared to the control group (Figure 1.7). The
authors found that the reduction in heart rate and blood pressure was associated with a
concurrent reduction in both adrenaline and noradrenaline, confirming the primarily
sympatholytic effect of dexmedetomidine induced haemodynamic changes. This study also
shows that intraoperative administration of dexmedetomidine attenuates the haemodynamic
and neuroendocrinal response to cardiopulmonary bypass and surgical trauma which may be
beneficial to patients’ clinical outcome.
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Figure 1.6: Change in heart rate at different time points for dexmedetomidine (loading dose 0.5 µg.kg-1 for 10
min then maintenance dose of 0.5 µg.kg-1.h-1 – open diamonds) and control (normal saline - solid diamonds)
groups. Data from Mukhtar et al (112).
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Figure 1.7: Change in systolic blood pressure at different time points for dexmedetomidine (loading dose 0.5
µg.kg-1 for 10 min then maintenance dose of 0.5 µg.kg-1.h-1 – open diamonds) and control (normal saline - solid
diamonds) groups. Data from Mukhtar et al (112).

A number of other prospective studies have evaluated the haemodynamic effects of
dexmedetomidine in surgical patients.

All reported a decrease in heart rate and blood

pressure compared to controls but none of the changes were considered clinically significant.
The dosage regimens and effect of haemodynamics are outlined in Table 1.8.
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Intervention

Effect on Heart Rate or Blood Pressure

Ref.

Dexmedetomidine: 0.15
µg.kg-1 or Normal Saline

Reduction in both heart rate and blood pressure
compared to control but not statistically
significant.

Ibacache et al
(113)

Dexmedetomidine: 0.30
µg.kg-1 or Normal Saline

Reduction in both heart rate and blood pressure
compared to control but not statistically
significant.

Ibacache et al
(113)

Dexmedetomidine: 0.50
µg.kg-1 or Normal Saline

Significant reduction in both heart rate and blood Guler et al
pressure, not considered clinically significant.
(114)

Dexmedetomidine: 0.2
µg.kg-1.h-1 or Normal
Saline

Reduction in heart rate and blood pressure, not
statistically significant.

Shukry et al
(115)

Dexmedetomidine:
0.25 µg.kg-1 then
0.28 µg.kg-1.h-1 or
Midazolam: 0.1 mg.kg-1
then 0.22 mg.kg-1.h-1

Heart rate significantly reduced in
dexmedetomidine group compared to midazolam
group. No significant difference in blood
pressure.

Tobias et al
(116)

Dexmedetomidine:
0.50 µg.kg-1 then
0.68 µg.kg-1.h-1 or
Midazolam: 0.1 mg.kg-1
then 0.22 mg.kg-1.h-1

Heart rate significantly reduced
dexmedetomidine group compared to midazolam
group. No significant difference in blood
pressure.

Tobias et al
(116)

Table 1.8: Effect of dexmedetomidine on haemodynamic parameters in paediatric surgical patients.

The haemodynamic effects of dexmedetomidine have also been studied in paediatric patients
undergoing non-invasive procedural sedation, generally for MRI or computed tomography
(CT) studies. Koroglu et al (117) compared dexmedetomidine (loading dose of 1 µg.kg-1
over 10 min then continuous infusion of 0.5 µg.kg-1.h-1) to propofol (loading dose of 3 mg.kg1

then continuous infusion of 100 µg.kg-1.min-1) in 60 children undergoing MRI. The authors

found that there was a reduction in heart rate and blood pressure in both the
dexmedetomidine and propofol groups compared to baseline (Figure 1.8 and Figure 1.9).
The maximum decrease in mean arterial pressure was 17% in the dexmedetomidine group
compared to 21% in the propofol group, and the maximum decrease in heart rate was 15% in
the dexmedetomidine group and 17% in the propofol group. There was no incidence of
bradycardia or hypotension in any study patient and all changes in heart rate and blood
pressure were not considered clinically significant.

The authors concluded that

dexmedetomidine better preserved haemodynamics than propofol (117).
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Figure 1.8: Change in mean arterial pressure for dexmedetomidine (loading dose 1 µg.kg-1 for 10 min then
maintenance dose of 0.5 µg.kg-1.h-1 – open diamonds) and propofol (loading dose 3 mg.kg-1 for 10 min then
maintenance infusion of 100 µg.kg-1.min-1 – solid diamonds) groups. Data from Koroglu et al (117).
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Figure 1.9: Change in heart rate for dexmedetomidine (loading dose 1 µg.kg-1 for 10 min then maintenance
dose of 0.5 µg.kg-1.h-1 – open diamonds) and propofol (loading dose 3 mg.kg-1 for 10 min then maintenance
infusion of 100 µg.kg-1.min-1 –solid diamonds) groups. Data from Koroglu et al (117).
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A similar study by Koroglu et al (118) examined the effects of dexmedetomidine and
midazolam on haemodynamic effects in children undergoing MRI studies.

Both

dexmedetomidine and midazolam produced a significant reduction in heart rate and blood
pressure compared to baseline but there were no differences between the dexmedetomidine
and the midazolam groups.
There have been few reports of adverse haemodynamic effects after dexmedetomidine
administration in children. Berkenbosch et al have reported severe bradycardia in a 5 week
old child who received concurrent dexmedetomidine and digoxin. Bradycardia resolved after
discontinuation of dexmedetomidine. The authors suggest that caution should be used when
dexmedetomidine is administered with digoxin (119). Another case report described a 2 day
old child with hypothermia who developed bradycardia after dexmedetomidine
administration, which resolved with re-warming the patient and a decrease in
dexmedetomidine infusion (120). These concerns about myocardial conduction pathway
alteration were later confirmed by Hammer et al (121) who showed that dexmedetomidine
affected sinus and atrioventricular node function. The authors suggest that dexmedetomidine
not be used as a sedative for electrophysiology studies as it may alter cardiac conduction
giving misleading results (121).
Dexmedetomidine reduces both heart rate and blood pressure in paediatric patients compared
to baseline for both invasive and non-invasive procedures. These changes are comparable to
those seen with other sedative/analgesic agents such as propofol and midazolam. Attenuation
of

intraoperative

stress

responses

produced

by

intra-operative

dexmedetomidine

administration may be beneficial to patient outcome. Dexmedetomidine appears to be a
relatively safe medicine for use in children. Caution should be used when dexmedetomidine
is administered concurrently with potent antihypertensive drugs or negative inotropic or
chronotropic agents.

Despite the numerous case reports, retrospective and prospective

studies in the literature, the concentration-response relationship for dexmedetomidine and its
haemodynamic effects are lacking. The investigation of concentration-response relationships
for the haemodynamic effects of dexmedetomidine are the subject of Chapter 7, that has
been published in Pediatric Anesthesia (122).
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Sedation

A number of case reports and retrospective studies have described the use of
dexmedetomidine for sedation in paediatric patients in different settings. Dexmedetomidine
infusions of 0.25 to 1.4 µg.kg-1.h-1 have provided adequate sedation in patients in the
paediatric intensive care unit and paediatric cardiothoracic critical care (120, 123-127).
Doses of up to 2 µg.kg-1.h-1 of dexmedetomidine have been used as rescue sedation for noninvasive radiological study sedation (107, 109, 128, 129).

There are few prospective

randomised studies evaluating dexmedetomidine sedation in paediatric patients.
The only prospective randomised study investigating the sedative effect of dexmedetomidine
in paediatric intensive care patients was carried out by Tobias et al in mechanically ventilated
patients (116). Two doses of dexmedetomidine (0.25 µg.kg-1.h-1 or 0.5 µg.kg-1.h-1) were
compared to midazolam (2.2 mg.kg-1.h-1).

Sedation produced by the low dose

dexmedetomidine was found to be approximately equivalent to midazolam. The higher dose
of dexmedetomidine was found to be superior to midazolam as patients in this group received
significantly less morphine and had fewer points where they were anxious and agitated when
compared to the midazolam group (116).
A prospective observational analysis of dexmedetomidine sedation in children after cardiac
surgery has recently been published (130).

These authors report that dexmedetomidine

administered as a 0.4 to 0.6 µg.kg-1.h-1 continuous infusion provided similar sedation as
chlorpromazine, midazolam and fentanyl (130).
Dexmedetomidine has been compared to both propofol and midazolam for sedation during
MRI studies. Koroglu et al (117) compared dexmedetomidine (1 µg.kg-1 over 10 min then
infusion of 0.5 µg.kg-1.h-1) to propofol (3 mg.kg-1 then infusion of 100 µg.kg-1.min-1) in a
randomised controlled study. Adequate sedation, defined as the ability to complete the MRI
investigation, was achieved in 83% of patients receiving dexmedetomidine and 90% of
patients receiving propofol. The onset of sedation, recovery from sedation and time to
discharge was significantly shorter in the propofol group compared to the dexmedetomidine
group (p<0.05). A similar study by the same authors compared dexmedetomidine (1 µg.kg-1
over 10 min then infusion of 0.5 µg.kg-1.h-1) to midazolam (0.2 mg.kg-1 then infusion 6 µg.kg1

.h-1) (118).

Adequate sedation was achieved in 80% of the patients receiving

dexmedetomidine and 20% of the patients receiving midazolam, with the requirement for
rescue drugs significantly lower in the dexmedetomidine group than in the midazolam group.
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Onset of sedation was longer in the dexmedetomidine group but overall dexmedetomidine
was considered superior to midazolam for sedation during MRI studies.
Despite numerous reports on the sedative profile of dexmedetomidine, none describe the
concentration-effect relationship for dexmedetomidine and sedation.

Further studies are

required to describe this relationship.
Analgesia

As with the sedative effects of dexmedetomidine, data regarding analgesia are mostly
restricted to case reports and retrospective studies, with few studies investigating the
analgesic effects of dexmedetomidine in children.

Of those prospective randomised

controlled trials that report findings relating to analgesia, none were specifically designed to
investigate the analgesic effects of dexmedetomidine.
Guler et al conducted a double blind randomised controlled trial of 60 children to examine
the effects of dexmedetomidine on agitation during emergence from anaesthesia. The authors
also used a five point pain rating scale. In the dexmedetomidine group the median (range)
pain score was 2 (1-4), a significant reduction compared to the control group with a median
pain score of 3(1-5) (114). Tobias et al randomised 30 children into three groups; one
receiving midazolam, one receiving dexmedetomidine 0.25 µg.kg-1.h-1 and one receiving
dexmedetomidine 0.5 µg.kg-1.h-1 to compare sedation. They noted that in the 0.5 µg.kg-1.h-1
dexmedetomidine group there was a reduction in the total amount of morphine administered
compared to the midazolam group (0.28 mg.kg-1.h-1 vs. 0.74 mg.kg-1.h-1) (116).
A concentration-effect relationship for dexmedetomidine and analgesia is also lacking. Any
such study may provide information on the possible analgesic ceiling effect that has been
suggested for adults.

1.4. Paediatric pharmacology modelling
Over one hundred and twenty years ago Dr Jacobi drew attention to the fact that children are
not simply miniature adults but have significantly different physiology and pathology from
older patients (131). We now know that developmental changes in physiological processes
can profoundly affect a child’s response to a drug and that age dependent adjustments to dose
are required. Despite this, paediatric drug dosing is often based on clinical experience or
extrapolated from adult data usually on a dose per kg, or dose per m2 for anticancer
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chemotheraphy. There has been very little clinical pharmacokinetic and pharmacodynamic
research in children, with 60 to 90% of drugs used in the treatment of children unlicensed or
off-label. The situation is exacerbated in the younger age groups and more specialised
clinical areas. A recent review of drugs licensed by the European Medicines Agency found
that only 33% were licensed in children, 23% in infants and 9% in neonates (132). In the
Neonatal Intensive Care Unit 90-93% of neonates received at least one off-label or
unlicensed medication (133, 134).
Drug companies were reluctant to conduct clinical drug trials in paediatric populations for a
number of reasons: drug trials are expensive and time consuming; few drugs have indications
that are unique to the paediatric population; and the paediatric drug market is comparatively
small. Although the incentive for paediatric studies is greater for novel drugs, off-patent drug
trials in children are unlikely to be sponsored by the pharmaceutical industry.
Regulatory changes and incentives for pharmaceutical companies have resulted in large
increases in paediatric licensing. Traditional barriers to paediatric studies are also being
reduced with improvements in drug assay technology (e.g. LC-MS/MS) that accommodate
very small sample volumes, and advances in mathematical modelling (e.g. mixed effects
approaches) which collectively facilitate PKPD studies in children.
1.4.1. Population pharmacokinetic and pharmacodynamic modelling

Population pharmacokinetic and pharmacodynamic investigations are concerned with
identifying the sources of variability and quantifying their influence of drug concentrations
and drug effect(s) in whom the drug will be used clinically. The goal is to identify covariates
(e.g. weight, age, gender, etc) that change the dose-concentration or concentration-effect
relationship and the extent of these changes so that appropriate changes to dosage regimens
can be made. Common approaches to population modelling are described below.
1.4.1.1. Traditional modelling

The naïve pooled data approach groups data from all study subjects and estimates parameters
as if from a single subject. This approach requires rigid sampling times for each individual.
Data are examined as if from one individual, making between-subject variability
indistinguishable from other sources of variability and gives no information on the magnitude
or causes of between-subject variability (135, 136). The naïve pooled approach may be of
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value in determining initial parameter estimates for more complex pharmacological
modelling.
The standard two stage approach is the classical approach for estimating population
parameters but relies on rich data (e.g. >12 observations) in a relatively small number of
subjects (e.g. 10-20). This approach firstly estimates parameters for each individual and then
calculates measures of central tendency for the population from the individual parameters.
An additional step may be added to include analysis of covariates but this depends on having
good individual estimates for each parameter (135, 136). This approach does not allow for
separation of between-subject variability from random variability. When there are large
numbers of observations for each individual the standard two stage approach provides
reliable and robust estimates (137), but fewer than five observations per subject may result in
poor individual estimates that, when combined may produce biased population estimates
(138).
One of the major downfalls of traditional modelling is its inability to provide robust
parameter estimates in special patient populations. Financial and ethical considerations often
prevent traditional clinical trials, providing ‘rich’ data, from being undertaken in paediatric
populations and yet it is these special populations that require accurate pharmacokinetic and
pharmacodynamic information for optimal drug therapy.
1.4.1.2. Population mixed effects models

Mixed effects modelling deals with the population as the unit of analysis rather than the
individual, and population parameters are determined in a single stage analysis of data from
many individuals. These models are called ‘mixed effects’ models because they use a
mixture of fixed and random effects to describe the data. Fixed effects calculate the average
influence of a covariate on a parameter as an explanation of part of the inter-individual
variability.

Random effects are further divided into two types; random inter-individual

variability, that is an estimate of the variance of the parameter distribution about the
population, and residual error (intra-individual variability, measurement error and model
misspecification error) that is the difference between the observed estimate from the model
predicted estimate (135).
Population mixed effects modelling has many advantages over traditional modelling
techniques. It allows for: 1) the analysis of ‘sparse’ data: few observations from many
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individuals, 2) the inclusion of truncated sets of data and 3) pooling data from different
studies, both rich and sparse, to use in a single analysis. Sampling times can be coordinated
with clinical activity and do not need to be at fixed time points. The primary disadvantage of
mixed effects models is that they are time-consuming, they require meticulous and laborious
data entry and validation, and demand considerable skills in pharmacostatistical analysis.
There are many software packages for mixed effects modelling but the most commonly used
and well known program is NONMEM (Globomax LLC, Hanover, MD, USA). NONMEM
analyses all data simultaneously by first order conditional estimation and includes models for
sources of variability (136, 137).
1.4.2. Covariates

Population PKPD modelling allows for the investigation of the relationship between
parameters and demographic factors (as covariates). Covariates explain the predictable part
of inter-individual variability. Challenges in covariate analysis arise when one covariate
masks the effects of others, or colinearity exists between covariates, or there are gaps in the
data with respect to the characteristics of the patients.
Growth and development are two major aspects affecting the pharmacology of young
children (aged 12-18 months or less) that are not encountered in adults.
investigated using size and age as covariates.

This can be

Many pharmacokinetic parameters are

functions of size, and size may mask the effects of other covariates. Colinearity can also
exist between covariates.

Colinearity occurs when there is high correlation between

covariates and one covariate may be predicted by others, making it difficult to estimate the
contribution of individual covariates on pharmacological parameters. This is particularly
important in paediatric studies where size variables (e.g. weight, height, body surface area,
creatinine clearance) are highly correlated with maturational variables (e.g. age). These
issues can be overcome by standardisation of size and the analysis of size as the primary
covariate (139, 140).
1.4.2.1. Size

There are a number of methods used for body size adjustment. Traditionally body weight or
body surface area (BSA) have been used but these may be unsuitable for scaling in small
children (141). The per kilogram model is the most commonly used model but it is the
poorest model for scaling metabolic processes such as clearance (142). The per kilogram
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model underpredicts clearance, and this error becomes magnified as size decreases. The BSA
model assumes that children and adults are morphologically similar, but this is not true. The
BSA model overpredicts clearance, especially at weights less than 20 kg (141).
An alternative to using these models is to use the allometric ‘1/4 power’ models. In this
approach, parameters are related to the body weight of an individual subject via a power
model:
 = 




Where Fsize is the factor for size, W is the weight of the individual and Wstd is the weight
standard (e.g. a 70 kg person). The PWR coefficient has a value of 0.25, 0.75 or 1 for time,
physiological (e.g. clearance) or structural variables (e.g. volume), respectively (139, 143).
Once size has been standardised, the effects of other covariates such as age and organ
function can be investigated. Age is the other covariate of particular interest in paediatric
pharmacology as it is used to describe the maturation of physiological processes (140).
1.4.2.2. Maturation

Neonates and infants undergo substantial maturation of physiological processes, especially
those important in drug clearance (refer to section 1.5). The allometric size model alone does
not account for this maturation; an additional age-related model is required. The sigmoid
hyperbolic or Hill model describes this maturation function (MF). This model allows for the
gradual maturation in early life and for maturity to be achieved at a later age.
 =



  + 

TM50 describes the maturation half-time and the Hill coefficient relates to the slope of the
maturation profile (144-146).

Postmenstrual age (PMA) is used because maturation of

hepatic and renal processes occur before birth suggesting that it is a better predictor of drug
elimination than postnatal age.
1.4.2.3. Organ function

Organ function accounts for pathological differences once the effects of size and maturation
have been calculated. The typical OF value for a healthy patient is 1, but may be fixed lower
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or higher for different disease states according to prior knowledge of the effect of the disease
on the eliminating organs. The OF value for renal elimination, for example, can be calculated
as the ratio of the typical creatinine clearance in patients with a particular disease versus that
of healthy patients (145) .
Once standardised for size, and with the addition of MF and OF, the pharmacokinetic
parameters (P) for an individual can be described as:
 = 

∙  ∙  ∙ 

where Pstd is the typical parameter value for an adult weighing 70 kg without pathological
changes in organ function.

1.5. Hepatic and renal function ontogeny
One of the major factors affecting the pharmacology of drugs in children that does not need
to be considered for adults is the maturation of organ systems, especially those involved in
systemic clearance. Systemic clearance of most drugs is primarily by to two processes:
hepatic metabolism and renal elimination, both of which are immature at birth but develop
over the first months or years of life to reach adult values. Dexmedetomidine and its
metabolites are cleared by these two processes.
1.5.1. Hepatic metabolism

Hepatic metabolism is divided into two major phases: phase I and phase II.

Phase I

metabolic processes are primarily catalysed by the CYP 450 enzymes. Phase II metabolism
may be catalysed by a number of different enzymes such as UGT, SULT, GST or NAT.
Each of these enzymes shows distinct isozyme specific developmental profiles.
Dexmedetomidine metabolism primarily involves the CYP 450 phase I enzymes and the
UGT phase II enzymes (refer section1.3.1.3).
1.5.1.1. Development of cytochrome P450 enzymes

As discussed in section 1.3.1.3, the CYP 450 enzymes that play an important role in the
biotransformation of dexmedetomidine are CYP2A6, CYP2D6, CYP2E1 and CYP2C19 (36).
These CYP 450 isozymes show different expression profiles.
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CYP2A6 has a limited role in drug metabolism and accordingly has not been extensively
studied. No CYP2A6 mRNA or protein expression was detected in studies of foetal liver
tissues (147, 148) but Tateishi et al demonstrated there was no difference in CYP2A6 protein
expression between adults and children aged 1 year (149). These data suggest that CYP2A6
expression may be switched on after birth and develops over the first months of life, reaching
adult levels before 1 year of age.
CYP2D6 also shows negligible protein expression in the foetal liver (150-152),
corresponding to activity, which is almost absent in the foetus (151). In vitro studies in foetal
liver microsomes show that CYP2D6 protein expression and activity increase progressively
after birth and at 1 month of age CYP2D6 activity is approximately 20% of that seen in
adults (150, 153). This contrasts with an in vivo study by Blake et al that reports a rapid
postnatal increase in CYP2D6 activity over the first two weeks of age that was no different to
the activity measured in infants at 1 year of age (154).

The maturation of CYP2D6

expression is yet to be comprehensively described.
The maturation of both CYP2E1 and CYP2C19 has not been extensively studied. CYP2C19
activity and expression are reported to be 12 to 15% of adult values as early as 8 weeks
gestation (155). Expression of CYP2C19 protein increased over the first five months of life
to reach 50 to 75% of adult values (155). CYP2E1 protein is undetectable in the foetal liver
(147, 148, 156). CYP2E1 protein and activity levels increase rapidly within 24 h of birth and
then gradually increase to reach mature levels by 1 year of age (156).
1.5.1.2. Development of UGT enzymes

Approximately half of all the excreted dexmedetomidine metabolites found in the urine have
undergone glucuronidation catalysed by UGT enzymes, although the exact isozymes
responsible for this biotransformation have yet to be determined (see section 1.3.1.3) (36).
UGT isozymes show different patterns of expression and development.

UGT1A1 is

undetectable in foetal liver samples with expression increasing immediately after birth. Adult
metabolic rates are attained at approximately 3 months of age (157). UGT1A3 and UGT1B17
isozymes are both expressed in foetal livers at approximately 30% and 10% of adult values,
respectively (158, 159), but the subsequent maturation of these isozymes is unknown.
UGT1A6 is detectable in foetal liver at approximately 1 to 10% of adult levels (160). After
birth UGT1A6 expression increases slowly to reach 50% of adult values at 6 months (158,
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160). UGT2B7 expression is also detectable in the foetal liver at rates approximately 10 to
20% of adult values (161, 162). At approximately 3 months of age UGT2B7 metabolism is
similar to that of adults (163, 164).
1.5.2. Renal elimination

Renal function is also immature at birth and can impact on the efficiency of drug elimination.
Glomerular filtration, tubular secretion and tubular reabsorption all contribute to renal
elimination and show different patterns of development (165). Glomerular filtration is the
most important in the renal elimination of most drugs, and is dependent on renal blood flow
and the extent that the drug is bound to plasma proteins (165). Glomerular filtration rate at
36 weeks gestational age is only approximately 5% of adult values but at birth there is a
dramatic decrease in renal vascular resistance improving renal blood flow. This leads to a
rapid rise in GFR during the early postnatal period. Adult values for GFR are approached at
6 to 12 months of age (165, 166).

1.6. Circadian rhythms
As discussed in section 1.4.2 typical considerations for drug dosing are age and weight, but
an individual’s response to a drug may also be influenced by the time at which the drug is
administered. This is due to the profound daily variations in physiology and behaviour that
are controlled by the endogenous circadian clock. The influence of circadian rhythms on the
pharmacokinetic profile of dexmedetomidine has not been described in the literature. Here
the circadian clock and the effect of circadian rhythms of pharmacology is introduced and in
Chapter 4 the analysis of time-of-day variation in dexmedetomidine pharmacokinetics is
described along with discussion around circadian considerations in pharmacological studies.
1.6.1. The circadian clock

The master circadian clock, located in the suprachiasmatic nuclei of the anterior
hypothalamus, drives a series of cellular processes that produce circadian rhythms. The 24
hour periodicity of these rhythms results from the action of a set of clock genes that interact
to generate positive and negative transcriptional feedback loops. The positive transcriptional
loop involves CLOCK and BMAL1 proteins in the cytoplasm of the cell forming
heterodimers which are transported into the nucleus. There they bind to the regulatory region
42

Chapter 1 –General Introduction

of period (per1-3) and cryptochrome (cry1,2) genes promoting their transcription. These
CRY and PER proteins then form oligomers that are transported back into the nucleus where
they inhibit their own transcription by preferentially binding to the CLOCK/BMAL1
heterodimer preventing the transcription of period and cryptochrome mRNA. At the same
time, the negative feedback loop involving the orphan nuclear receptor REV-ERBα, whose
expression is induced by the CLOCK/BMAL1 heterodimer, represses the transcription of
Bmal1 through binding to the response element in the Bmal1 promoter.

Period and

cryptochrome expression is then induced as a result of the degradation of the PER13/CRY1,2 protein oligomers in the nucleus and the subsequent activation of CLOCK and
BMAL1 transcription (167-170). This cellular process is shown in Figure 1.10. The period
of time taken for a complete molecular oscillation to occur directly determines the period of
the biological day. The human clock ticks with an inherently long day (approximately 24.3
h) when in time isolation, but in normal daily light-dark cycles is adjusted to 24 h by morning
and evening light.

Figure 1.10: Simplified diagram of the mechanism of the mammalian circadian clock. CLOCK/BMAL1
heterodimers that bind to the regulatory region of period (per1-3) and cryptochrome (cry1,2) genes promoting
their transcription. These CRY and PER proteins form oligomers which are then transported from the
cytoplasm to the nucleus, where they inhibit their own transcription by preferentially binding CLOCK/BMAL1
and stopping transcription of period and cryptochrome mRNA. The orphan nuclear receptor (REV-ERBα),
whose expression is induced by the CLOCK/BMAL1, in turn represses the transcription of Bmal1 through
binding to the response element in the Bmal1 promoter. Period and cryptochrome expression is then induced
as a result of the degradation of the PER1-3/CRY1-2 protein oligomers in the nucleus and the subsequent
CLOCK/BMAL1 activation of transcription (167-170).
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1.6.2. Time-of-day changes in physiology affecting pharmacokinetics and
pharmacodynamics

The pharmacokinetics of any drug encompasses the absorption, distribution, metabolism and
excretion of that drug. It is well documented that the physiological processes influencing
ADME change substantially over the course of a day in adults.

Daily variation in

gastrointestinal function (gastric acid secretion, pH, motility, emptying rate and blood flow)
affects drug absorption. Drug distribution is altered by circadian rhythms in cell membrane
permeability and plasma protein concentration. Time-of-day rhythms in hepatic blood flow
and enzyme activity results in variation in drug metabolism, and renal elimination is affected
by daily variation in kidney blood flow and glomerular filtration (171). This variation in
ADME may result in time-of-day variation in the pharmacokinetics of a drug. Table 1.9
summarises the evidence for pharmacokinetic changes in anaesthetic and analgesic drug
action in human adults.
The pharmacodynamics of a drug may be altered by circadian variation in receptor function
and density. β-adrenoceptor and α1-adrenoceptor density (172, 173), expression of µ-opioid
receptors (174), and the functional activity of 5-HT1B autoreceptors (175) all show time-ofday variation.

44

Drug

No. and type of patient

Main findings

Ref.

Morphine

26, cancer patients

Maximum plasma concentration was significantly higher after 1800 h
dose compared to 1000 h and 1400 h doses

Gourlay et al
(176)

Indomethacin

5, healthy volunteers

Absorption significantly faster at 2000 h vs. 0800 h; bioavailability
significantly higher at 2000h

Halsas et al
(177)

Indomethacin

9, healthy volunteers

Maximum peak concentrations and slowest elimination half life at 0700
h and 1100 h vs. 1500 h, 1900 h and 2300 h

Clench et al
(178)

Diclofenac

10, healthy volunteers

Peak serum concentration higher when administered at 0700 h vs. 1900
h

Mustofa et al
(179)

Ketoprofen

8, healthy volunteers

Peak plasma concentration at 0700h compared to 1300 h, 1900 h and
0100 h, total clearance was lowest at 0700 h

Ollagnier et al
(180)

Paracetamol

6, healthy volunteers

Absorption significantly greater after morning (0800 h)dosing vs.
evening (2000 h) dosing

Kamali et al
(181)

Lidocaine

24, healthy subjects

Area under plasma concentration curve greatest at 1530 h compared to
0930 h, 1230 h and 1830 h

Bruguerolle &
Isnardon (182)

Bupivacaine

13, elderly subjects

Maximum clearance at 0630 h

Bruguerolle
et al (183)

Analgesics / NSAIDS

(sustained release)
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Table 1.9: Examples of anaesthetic and analgesic drugs which show time-of-day variation in their pharmacokinetics in humans.
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1.6.3. Effect of the circadian clock on drug action

While the time-of-day effect on drug action has been investigated for some of the drugs
commonly used in anaesthetic practice (Table 1.10), extensive investigation of any one class
of drug has been limited to the local anaesthetic agents. Interest in time-of-day variation in
neuromuscular blocking drugs is increasing, but studies examining the mechanisms behind
these changes are lacking.
Several studies have shown that the duration of action of local anaesthetics is longest in the
afternoon at approximately 1500 h and that this is independent of the agent or the route of
administration (184-186). Lidocaine, betoxycaine, or mepivicaine administered for skin or
dental anaesthesia showed a maximum duration at 1500 h (184, 187), while the duration of
ropivacaine anaesthesia administered into the epidural space during labour was longest
between 1300 h and 1900 h (186). This time-of-day difference in duration of action of these
drugs is most probably attributable to circadian variation in physiological factors affecting
both pharmacokinetic and pharmacodynamic processes.

Daily variation in membrane

permeability has been shown (188), with the concentration of potassium and efflux of
potassium from cells lowest at approximately 1500 h (189). Clearance of local anaesthetics
also appears to be under circadian influence, following time-of-day changes in hepatic blood
flow. Although local anaesthetics have perfusion limited clearance with high first pass effect
(i.e. intrinsic clearance >> hepatic blood flow) it is possible that hepatic metabolic rate may
mirror blood flow changes. Clearance of bupivacaine (after a continuous 36 h infusion) is
greatest at 0630 h (187), and plasma concentrations of lidocaine greatest at approximately
1530 h (182, 190).
Following on from studies in the 1970s with pancuronium in rats, Cheeseman et al (191) have
shown a daily variation in the duration of action of the NMBD rocuronium in patients
receiving general anaesthesia for elective surgery. The duration of action of a weight related
bolus (0.75 mg.kg-1) of rocuronium was longest in the morning (0800 to 1100 h) and was
reduced by approximately one-third (20 min) in the afternoon (1400 h to 1700 h). It is
unclear what the mechanism for this circadian variation is, but time-of-day changes in
rocuronium hepatic metabolism, neuromuscular function and receptor expression have been
suggested.
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Drug

No. and type of patients

Main findings

Ref.

Morphine

64, elective surgery patients

Peak demand at 0900 h, lowest demand at 0300 h

Graves et al
(192)

Morphine

19, post surgical female
patients

Peak demand between 0400 h and 0800 h, lowest demand between
1200 h and 1600 h

Auvil-Novak
et al (193)

Morphine

45, post surgical female
patients

Peak demand between 0800 h and 1200 h, lowest demand between
0000 h and 0400 h

Auvil-Novak
et al (194)

Hydromorphone

19, post surgical female
patients

Peak demand between 0400 h and 0800 h, demand nadir between
0000 h and 0400 h

Auvil-Novak
et al (193)

18, healthy volunteers

Analgesic action stronger in response to painful stimulus after
evening (2000 h) dose

Hummel et al
(195)

Tramadol

18, healthy volunteers

Analgesic action stronger in response to painful stimulus after
evening (2000 h) dose

Hummel et al
(195)

Fentanyl

70, healthy women in labour

Duration of analgesic action significantly longer during day (1200 h
to 1800 h) than night (2000 h to 0200 h).

Pan et al (196)

Sufentanil

91, women in first stage
labour

30% variation in duration of analgesia, with peak duration occurring
at approximately noon and midnight and nadirs at approximately
0700 h and 1900 h.

Debon et al
(197)

Lidocaine

6, healthy volunteers

Maximum duration of action occurred at 1500 h, minimum at 0700 h

Reinberg &
Reinberg (184)

Lidocaine

35, dental patients

Maximum duration of action between 0700 h and 0900 h, minimum
duration of action between 1300 h and 1400 h

Reinberg &
Reinberg (184)

Analgesics

Dyhydrocodeine
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Local Anaesthetics

No. and type of patients

Main findings

Ref.

Betoxycaine

6, healthy volunteers

Maximum duration of action occurred at 1500 h, minimum at 0700 h

Reinberg &
Reinberg (184)

Atricaine

36, dental patients

Maximum duration of action occurred at 1400 h

Lemmer &
Wiemers (185)

Mepivacaine

67, dental patients

Maximum duration of action occurred at 1500 h

Pollmann
(198)

Ropivicaine

194, women in first stage
labour

Maximum duration of action occurred between 1300 h and 1900 h

Debon et al
(186)

Maximum duration of action between 0800 h and 1100 h.

Cheeseman et
al (191)
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Drug

Neuromuscular blocking drugs
Rocuronium

49, elective surgical patients

Table 1.10: Examples of anaesthetic and analgesic drugs showing time-of-day variation in their action in humans.
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1.6.4. Effect of drugs on the circadian clock

Anaesthetic drugs have been reported to act directly on the circadian clock, shifting it to a
different circadian phase, or, effectively causing jetlag. Studies in animal models have shown
the phase-shifting effects of anaesthetic drugs. Propofol anaesthesia in rats has been shown
to desynchronise daily rest-activity patterns (199) and phase advance the secretion of
melatonin (200). Propofol, dexmedetomidine and sevoflurane are reported to reduce the
levels of expression of some circadian clock genes (201, 202). The effects of anaesthetic
drugs on the human circadian clock is yet to be determined.
1.6.5. Optimising drug dosing – circadian timing

Understanding that time-of-day affects drug action, drug dosage regimens should be tailored
to account for these fluctuations, maximising response and minimising toxicity.

The

beneficial effects of accounting for time-of-day variations in pharmacokinetics or
pharmacodynamics when dosing are best seen with cancer chemotherapy agents, for example
5-flurouracil.

Chronopharmacokinetic studies have shown that dihydropyrimidine

dehydrogenase, the primary enzyme responsible for metabolism of 5-FU, shows marked
circadian variation in its activity with higher activity at night compared to during the day
(203). This suggests that chronotherapeutic schedules for 5-FU dosing may result in better
tolerability. Chronotherapeutic dosing of 5-FU (administered between 2200 h and 1000 h
with a peak delivery at 0400 h) when compared to a constant infusion, resulted in increased
tumour response (51% vs. 29%) and a reduction in severe mucosal toxicity (14% vs. 76%)
(204). A similar study found that patients receiving chronotherapeutic dosing were able to
tolerate higher doses of 5-FU (700 mg.m-2 per day) compared to a constant infusion regimen
(500 mg.m-2 per day) with less overall toxicity (205).
While the chronopharmacology of some analgesic and sedative drugs have been studied,
there remain no clear guidelines for the implementation of these results into clinical practice.
Although there is significant evidence that local anaesthetic agents have a prolonged duration
of action when administered in the afternoon compared to the morning, there are no dosing
algorithms to provide useful dosing information for clinical practice.

The paucity of

chronopharmacological studies in children means that any such recommendations for
paediatric populations are a long way off.
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1.7. Summary
The unique pharmacological profile of dexmedetomidine makes it amenable for postoperative
sedation in the paediatric population.

There are few data concerning dexmedetomidine

pharmacokinetics and pharmacodynamics or its adverse effect profile in children. There are
limited data in specific populations such as children who have undergone cardiothoracic
surgery.

The safe administration of any drug is greatly facilitated by an accurate

understanding of the pharmacokinetics and pharmacodynamics in the patient population of
interest. When conducting pharmacokinetic and pharmacodynamic studies in children, it is
important to consider covariates such as weight and age. Time-of-day is a covariate that is
often neglected from adult and paediatric studies, but may have a profound effect on drug
action or duration. Covariates can be examined using population modelling. Population
modelling is ideal for paediatric pharmacokinetic and pharmacodynamic studies as it allows
for the analysis of sparse data from many subjects, pooled analyses and covariate
investigation.
The aim of the work described in the following chapters of this thesis is to fill some of the
gaps in our knowledge of dexmedetomidine pharmacology. The pharmacokinetic profile in
children is elucidated along with the developmental aspects. The sedative and analgesic
effects of dexmedetomidine are investigated and the concentration-effect profile for
dexmedetomidine and its effect on blood pressure is defined.

Using these data, target

concentrations can be simulated and dosage regimens to achieve desired pharmacological
effects can be suggested for the first time.
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Chapter 2. The Pharmacokinetics of Dexmedetomidine in Children
after Cardiac Surgery
2.1. Introduction
The safe and effective use of a medication is aided by knowledge of the pharmacokinetics
and pharmacodynamics of that medicine in the population in which it is being used.

In

Chapter 1, section 1.3.1.2, three studies investigating the pharmacokinetics of
dexmedetomidine in children were outlined (45-47). These studies had small sample sizes
and lacked adequate investigation of maturation changes that might alter the pharmacokinetic
profile of dexmedetomidine.
When studying the pharmacokinetics of a drug in children it is important to consider that the
immature physiological and biochemical processes in children, discussed in section 1.5, will
affect the way in which they respond to drugs, especially in the first year of life.
Dexmedetomidine is reported to be cleared primarily through hepatic metabolism (36).
Developmental changes in hepatic metabolism in the first months, or years, of life may affect
the pharmacokinetic disposition. It is also essential to recognise that differing pathology or
medical interventions may also alter the pharmacokinetic profile of a drug (206, 207).
Cardiac surgery may result in altered pharmacokinetic parameters such as clearance or
volume of distribution, due to the effects of extracorporeal bypass techniques (208).
The aim of the study described in this chapter was therefore to define:
1.

the pharmacokinetic profile of dexmedetomidine in children after cardiac
surgery, and

2.

the maturation of dexmedetomidine pharmacokinetics.

Prior to the work described in this chapter, the pharmacokinetic profile of dexmedetomidine
in children after cardiac surgery and the age-related changes in pharmacokinetic parameters
had not been published.
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2.2. Methods
2.2.1. Ethics and trial registration

Regional ethics approval was received from the Northern X Regional Ethics Committee,
reference number NTX/06/02/005 (Appendix A).

Auckland District Health Board

Management approval was also received, reference A+ 3382.
The study was registered with the Australian New Zealand Clinical Trials Registry
(www.anzctr.org.au), reference number ACTRN012606000246583.
2.2.2. Recruitment and participants

Children undergoing cardiac surgery at Starship Children’s Hospital, Auckland, were
identified from the surgical program as potential candidates for the study. Children and their
parents or legal guardians were approached the day before their child’s surgery and the study
was explained. A Patient Information Sheet, Kids Information Sheet and Consent Form were
left with the child and their guardian overnight. The next morning families were again
approached and asked if they wanted their child to participate in the study. Written informed
consent was obtained from the parent or legal guardian of all children who participated in the
study. Where appropriate, children over the age of 12 were also asked to give their assent to
participate in the study, and signed their name on the Kids Information Form.
2.2.3. Protocol
2.2.3.1. Anaesthetic and postoperative care

All children included in the study received a standard anaesthetic at the discretion of the
anaesthetist.

Drug administrations and care in the PICU was at the discretion of the

healthcare team and, apart from administration of the study drug, was not altered in any way.
2.2.3.2. Study drug administration

After cardiac surgery, children were transferred to the PICU and stabilised.

Once

-1

haemodynamically stable, a single 1 to 4 µg.kg IV bolus dose of dexmedetomidine was
administered over a 10 min. Dexmedetomidine administration was followed by a 5 mL flush
of normal saline.
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2.2.4. Blood sampling and storage

Blood for dexmedetomidine assay was drawn from an indwelling arterial cannula by nursing
staff in the PICU and collected into a lithium heparin tube. Initially three blood samples were
drawn at approximate intervals of 1 to 30 min, 1 to 2 h and 3 to 6 h after dexmedetomidine
administration. Time intervals were given to allow sampling to be coordinated with clinical
activity thereby causing the least disruption to the patient. The actual time of the blood
sampling was accurately recorded. Following preliminary analysis of the data, a fourth blood
sample was deemed necessary. Four blood samples were drawn from subsequent patients at
approximately 1 to 30 min, 1 to 2 h, 3 to 4 h and 10 to 12 h.
The blood samples were separated immediately by centrifugation for 10 min at 2000 g.
Plasma was removed and stored at -80oC until assay.
2.2.5. Dexmedetomidine assay

The dexmedetomidine assay was performed by Environmental Science and Research (ESR)
Ltd, Kenepuru Science Centre, Porirua, NZ using Liquid Chromatography-Mass
Spectrometry-Mass Spectrometry (LC-MS/MS).
Internal standard (tolazoline) was added to plasma aliquots, followed by liquid/liquid
extraction of buffered plasma with ethyl acetate.

Following centrifugation, the organic

extracts were dried and reconstituted with aqueous/organic solvent, vortexed, sonicated and
injected into the column. The analysis was performed on an Ionics EP10+ spectrometer with
Applied Biosystems TurboIonSpray® (Applied Biosystems, Melbourne, Australia) ion source
operating in positive ion mode linked to a liquid chromatography system (Dionex Ultimate
3000 Series, Dionex, California, USA) equipped with an Phenomenex® SynergiTM Polar-RP®
column (75 x 2.0 mm column used with Phenomenex® 4.0 x 2.0 mm SynergiTM Polar-RP®
guard columns, Phenomenex, Milford, NZ).

The mobile phase consisted of 10 mM

ammonium formate + 3 ML formic acid buffer (A) and acetonitrile (B), run as a gradient at
200 µL.min-1. The precursor/product ion transition for dexmedetomidine was m/z 201 to m/z
95 (protonated molecular ion of dexmedetomidine). The precursor/product ion transition for
tolazoline (internal standard) was m/z 161 to m/z 91. The lower limit of quantification was
0.015 ng.mL-1. The intra-batch mean value for dexmedetomidine at each concentration level
varied from the theoretical values by less than 15% (accuracy). The intra-batch precision at
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each dexmedetomidine concentration level was less than 15%, as measured by the
coefficients of variation (CV%).
2.2.6. Pharmacokinetic analysis
2.2.6.1. Population parameter estimates

One- and two- compartment models were investigated. A two-compartment (central and
peripheral) linear model (Figure 2.1) fitted the data better than a one-compartement
pharmacokinetic model. A two-compartment model is parameterised in terms of clearance,
central volume of distribution, inter-compartmental clearance and peripheral volume of
distribution. Population parameter estimates were obtained using nonlinear mixed effects
models (NONMEM VI, Globomax LLC, Hanover, MD, USA) (209). The NONMEM code
used is shown in Appendix B. This model accounts for population parameter variability
(between and within subjects) and residual variability (random effects) as well as parameter
differences predicted by covariate effects (fixed effects).

The population parameter

variability in model parameters was modelled by a proportional variance model. An additive
and a proportional term were used to characterise the residual unknown variability. The
population mean parameters, between-subject variance and residual variance were estimated
using first order conditional interaction estimation methods using ADVAN4 TRANS4 of
NONMEM V. Convergence criterion was three significant digits. A Compaq Digital Fortran
Version 6.6A complier with Intel Celeron 333 MHz CPU (Intel Corp., Santa Clara, CA)
under MS Windows XP (Microsoft Corp., Seattle, WA) was used to compile NONMEM.
The population parameter variability is modelled in terms of random effect (η) variables.
Each of these variables is assumed to have mean 0 and a variance denoted by ω2, which is
estimated.
The covariance between two elements of η (e.g. CL and V) is a measure of statistical
association between these two variables. Their covariance is related to their correlation (R)
i.e.
R=

cov ariance

(ω

2

CL
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The covariance of clearance and distribution volume variability was incorporated into the
model.

Input Intravenous

Inter-compartmental
Clearance (Q)

Central
Volume

Peripheral
Volume
(V2)

(V1)

Clearance (CL)

Figure 2.1: Schematic representation of the pharmacokinetic model. A two-compartment linear disposition
model was used to describe dexmedetomidine pharmacokinetics. Drug is assayed from the central
compartment.

2.2.6.2. Covariate analysis

The parameter values were standardised for a body weight of 70 kg using an allometric
model described in Chapter 1, section 1.4.2.1.

Pi = Pstd × (Wi / Wstd )

PWR

where Pi is the parameter in the ith individual, Wi is the weight in the ith individual and Pstd is
the parameter in an individual with a weight Wstd of 70 kg. This standardisation allows
comparison of child parameter estimates with those reported for adults. The PWR exponent
was 0.75 for clearance, 0.25 for half-times and 1 for distribution volumes (139, 210).
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Covariate analysis included a model investigating age-related changes for clearance:

(

CL = CLstd × (Wt / 70 )

)× (PMAPMA
L/h
+ TM )
N

0.75

N

N
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where CLstd is the population estimates for CL, standardised to a 70 kg person using
allometric models; PMA is the postmenstrual age in weeks; TM50 describes the maturation
half-life of the age-related changes of CL, N is the Hill coefficient. Age-related changes in
volumes of distribution were investigated in a similar manner.
Models were nested and an improvement in the objective function was referred to the Chisquared distribution to assess significance, e.g. an objective function change of 3.84 is
significant at α=0.05. The quality of fit of the pharmacokinetic model to the data were
sought by NONMEM’s objective function and by visual examination of plots of observed
versus predicted concentrations. Bootstrap methods provided a means to evaluate parameter
uncertainty (211). A total of 1000 iterations were used to estimate confidence intervals.
2.2.7. Simulation

Simulation for calculation of context sensitive half lives were performed using Berkeley
MadonnaTM modelling and analysis of dynamic systems software (University of California,
Berkeley, USA). Context sensitive half lives were calculated for neonates, 3 month old, 6
month old, 1 year old, 5 year old, 10 year old and adult subjects using an infusion of 0.7

µg.kg-1.h-1 for 1, 3, 6 and 10 h.

2.3. Results
Forty-six children were recruited into this study.

One patient was withdrawn prior to

administration of dexmedetomidine due to haemodynamic instability. Of the 45 children
included in the study, 22 were male and 23 female. The mean age of the participants was
3.38 years (range 4.9 days to 14 years) and the mean weight was 14.5 kg (range 3.1 to 58.9
kg). All children underwent cardiac surgery involving cardiopulmonary bypass. The patient
characteristics are shown in Table 2.1. Three blood samples were drawn from 32 participants
and four blood samples from 13 participants. The plasma concentrations determined by LCMS/MS for each subject are reported in Appendix C and shown in Figure 2.2.
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Age
(years)

Gender

Weight
(kg)

Type of Surgery

Time on
Bypass
(h:mm)

0.01

F

3.3

Central shunt, artrial septectomy, pulmonary
valvotomy

2:14

0.01

F

3.6

Arterial switch

2:46

0.02

F

3.4

Arterial switch

2:56

0.07

M

3.8

Arterial switch, VSD closure

2:57

0.17

F

4

ASD closure, aortic valve repair

1:52

0.21

F

3.1

ASD & VSD closure, PDA ligation

1:21

0.21

M

4.1

AV canal repair, PDA ligation

1:59

0.23

M

4.4

AV canal repair

1:44

0.24

M

4.1

VSD closure, PDA ligation

1:37

0.25

F

4.4

ASD, VSD repair

1:15

0.27

F

5.7

VSD closure, ROVT muscle resection,

2:55

0.29

F

3.8

ASD closure, aortic arch repair

2:51

0.30

M

4.9

Glenn, artial septectomy

1:57

0.33

F

5.5

Glenn

3:02

0.36

F

4.2

VSD closure, RVOT resection

1:27

0.36

M

4.2

Tetralogy of Fallot Repair

2:12

0.41

F

4.9

VSD closure, PDA ligation

1:44

0.44

F

6.3

Glenn & left pulmonary artery repositioning

2:36

0.51

F

5.5

VSD repair, PDA ligation

1:33

0.51

M

5.1

Glenn with left pulmonary artery repair

2:03

0.55

M

7.91

Glenn

1:35

0.62

M

6.8

VSD closure

3:03

0.69

M

9.4

Correct anomalous right coronary artery, ASD 0:53
closure

0.70

M

9.6

Tetralogy of Fallot repair

2:06

0.84

F

8.5

VSD Repair

1:21

0.88

F

6.7

VSD closure, RVOT resection

1:55

0.93

M

7.4

Tetralogy of Fallot repair

1:36

2.45

F

10.2

MV repair

1:23

2.71

M

13.3

AV Canal repair

1:37

2.97

F

13.8

VSD repair, RVOT resection

1:16

3.10

F

14.3

Fontan

2:08

3.75

F

12

ROVT muscle resection, ASD closure

1:30

4.95

M

19.6

AV repair

1:56
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Age
(years)

Gender

Weight
(kg)

Type of Surgery

Time on
Bypass
(h:mm)

5.69

M

19.9

AV canal repair

2:27

8.24

M

29.1

Resection of residual subaortic valve
membrane and resection of LVOT muscle

1:17

8.47

M

29

Pulmonary valve homograft

1:08

8.54

M

40

Mitral valve repair

2:09

9.63

F

28

Sub aortic resection & MV repair

2:23

10.18

F

36.6

ASD closure

1:50

10.24

M

43.5

Aortic valve homograft, mitral valve
annuloplasty

3:38

10.35

F

28.8

Aotic valve and mitral valve repair

2:24

11.20

M

45

Aortic valve homograft insertion

2:12

12.12

F

48.4

Aortic valve homograft with annuloplasty

2:03

12.64

M

58.9

Aortic valve homograft & mitral valve repair

2:56

14.45

M

46

ASD closure

0:58

Table 2.1: Patient characteristics for study participants. ASD - atrial septal defect; VSD - ventricular septal
defect; LVOT - left ventricular outflow tract; AV - atrio-ventricular; PDA - patent ductus arteriosis.
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Plasma concentration (ng.mL-1 )
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Figure 2.2: Raw plasma dexmedetomidine concentrations for all participants.

Population parameter estimates are shown in Table 2.2. Alternative parameterisations of
these estimates are shown in Table 2.3. The residual additive error was 0.046 ng.mL-1 and
the proportional error was 11.4%.

Parameter

Estimate

%BSV

%SE

95% CI

39.2

30.36

5.6

32.7, 46.6

36.9

69.49

26.1

21.7, 68.1

69.9

48.6

11.4

36.3, 89.1

V2std (L.70kg )

68.2

37.6

7.5

52.2, 79.9

TM50 (weeks)

46.5

-

6.6

35, 55.5

N

2.78

-

7.2

1.13, 4.52

CLstd (L.h-1.70kg-1)
-1

V1std (L.70kg )
Qstd

-1

-1

(L.h .70kg )
-1

Table 2.2: Standardised dexmedetomidine population pharmacokinetic parameter estimates (BSV is the
between-subject variability; SE is the standard error of the estimate; CLstd is the population estimate for CL
standardised to a 70 kg person using allometric models; TM50 describes the maturation half-life of the agerelated changes of CL; and N is the Hill coefficient).
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A

0.0213 ng.mL-1

B

0.0058 ng.mL-1

alpha

3.6862 h-1

beta

0.2954 h-1

V1

36.9 L

k1O

1.062 h-1

k12

1.894 h-1

k21

1.025 h-1

T1/2 α

12 min

T1/2 β

2.3 h

Table 2.3: Alternative parameterisation.

Clearance at birth was 15.5 L.h-1.kg-1 and matured with a half-time of 46.5 weeks to reach
72% of adult rates by 6 months and 87% of adult rates by 1 year of age (Figure 2.3). Typical
concentration-time profiles for a 5 year (20 kg) child given intravenous dexmedetomidine are
shown in Figure 2.4. We were unable to show changes with age for central volume of
distribution (Figure 2.5), inter-compartmental clearance (Figure 2.6) or peripheral volume of
distribution (Figure 2.7).
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70
individual clearance

Clearance (L.h-1 .70kg-1 )

60
populationclearance
clearance
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(L.h-1.70kg-1)

50
40
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0
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1000

Postmenstrual age (weeks)

Plasma concentration (ng.mL-1)

Figure 2.3: Individual predicted dexmedetomidine clearances, standardised to a 70-kg person, from the
NONMEM post hoc step, are plotted against postmenstrual age. The solid line represents the non-linear
relation between clearance and age.
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Figure 2.4: Typical concentration-time profiles for a 5 year old child (20kg) given intravenous
dexmedetomidine (2.5 µg.kg-1 over 10 min).
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Central volume of distribution (L.70kg-1 )
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Figure 2.5: Individual predicted dexmedetomidine central compartment of distribution, standardised to a 70kg
person, from the NONMEM post hoc step are plotted against postmenstrual age.
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Figure 2.6: Individual predicted dexmedetomidine inter-compartmental clearance, standardised to a 70 kg
person, from the NONMEM post hoc step are plotted against postmenstrual age.
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Peripheral volume of distribution
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Figure 2.7: Individual predicted dexmedetomidine peripheral volume of distribution, standardised to a 70 kg
person, from the NONMEM post hoc step, are plotted against postmenstrual age.

The quality of fit for the pharmacokinetic data are shown in Figure 2.8 and Figure 2.9.
Individual concentration predictions are based on values of maximum a posteriori Bayesian
estimates of the parameters using the post hoc option while predicted typical (population)
concentrations are based on population parameters and covariate information. Predictions
from NONMEM’s post hoc (posterior individual) step are based on values of the parameters
for the specific individual using their observed data.

63

Chapter 2: The Pharmacokinetics of Dexmedetomidine in Children after Cardiac Surgery

5

Observation (ng.mL-1 )

4

3

2

1

0
0

1

2

3

4

5

Population Prediction (ng.mL-1 )

Figure 2.8: Quality of fit of pharmacokinetic data – population predictions are compared to observed. The line
x=y is the line of identity.
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Figure 2.9: Quality of fit of pharmacokinetic data – individual Bayesian concentration predictions based on
values of the parameters for the specific individual compared to the observed.
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The correlation of between-subject variability for clearance, central volume of distribution,
inter-compartmental clearance and peripheral volume of distribution are shown in Table 2.4.
The difference between BSV without covariates and with covariates is a measure of the
predictable decrease in BSV due to covariates. The variance estimates for the different
components contributing to the variability in clearance are shown in Table 2.5. The ratio of
the between-subject variance predictable from covariates (BSVP2) to the total population
parameter variance obtained without covariate analysis (PPVt2) indicates the relative
importance of covariate information. For example, the ratio of 0.8925 achieved for clearance
in this study indicates that 89.25% of the overall variance in clearance is predictable from
covariate information.

Weight was used to predict size using allometric models and

contributed 86.48% of variance. Mean age-related clearance predictions are shown in Table
2.6. This table also expresses clearance as per kilogram, based on the estimated weight for
each age group.

CL

V1

Q

CL

1

V1

0.778

1

Q

0.464

0.764

1

V2

-0.108

-0.042

0.597

V2

1

Table 2.4: The correlation of between-subject variability for clearance, central volume of distribution, intercompartmental clearance and peripheral volume of distribution.

PPVt2

BSVR2

BSVP2

BSVP2/PPVt OBJ
2

No
covariates

0.858

0.858

0

0

-344.052

Size

0.858

0.116

0.742

0.864802

-428.493

Age

0.858

0.0922

0.7658

0.892541

-483.332

Table 2.5: Effect of covariate analysis on variance of clearance (ω2). PPVt2 is the total parameter variability
estimated without covariate analysis, BSVP2 is the between-subject variability predictable from covariates,
BSVR2 is the random BSV estimated on a parameter when covariate analysis is included. BSVP2 was computed
from PPVt2-BSVR2. The ratio of the between-subject variability predictable from covariate analysis (PPVt2)
(i.e. BSVPw/PPVt2) indicates the function of the total variability in the parameter that is predictable from
covariates. OBJ is the objective function value measuring goodness of fit.
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Age

Weight (kg)

0

3.5

1 month

4.5

3 months

6

6 months

7.5

1 year

10

2 years

CLstd (L.h-1.70kg-1) CL (L.h-1.kg-1)
15.56

0.47

18.10

0.51

22.62

0.60

28.45

0.71

34.09

0.79

12

37.58

0.83

3 years

14

38.49

0.82

4 years

16

38.83

0.80

8 years

25

39.13

0.72

12 years

38

39.18

0.65

Table 2.6: Age-related dexmedetomidine clearances described using both the allometric “3/4 power” model
(/70kg) and the linear per kilogram model (/kg).

2.4. Simulation
The context sensitive half lives for a neonate, 3 month old, 6 month old, 1 year old, 5 year
old, 10 year old and an adult subject are shown in Table 2.7. The context sensitive half life
for dexmedetomidine increases with increased duration of infusion and decreases with
increased age.

1 h infusion

3 h infusion

6 h infusion

10 h infusion

Neonate

1.24 h

1.86 h

2.02 h

2.07 h

3 months

0.80 h

1.38 h

1.53 h

1.57 h

6 months

0.60 h

1.11 h

1.23 h

1.27 h

1 year

0.49 h

1.94 h

1.06 h

1.09 h

5 year

0.44 h

0.89 h

1.05 h

1.08 h

10 year

0.46 h

0.95 h

1.15 h

1.20 h

Adult

0.48 h

1.04 h

1.40 h

1.45 h

Table 2.7: Changes in context sensitive half life with age after an infusion of 0.7 µg.kg-1.h-1.

66

Chapter 2: The Pharmacokinetics of Dexmedetomidine in Children after Cardiac Surgery

2.5. Discussion
Dexmedetomidine use has increased in the paediatric intensive care unit despite limited
knowledge of its disposition in children. Clearance estimates in children out of infancy,
standardised to a 70 kg person using allometric scaling, are slightly reduced (39.2 L.h1

.kg-1; 30.4%) compared to those described in adults (44.8 to 52.5 L.h-1.kg-1) (37, 41, 42).

Morphine, which is eliminated by a similar metabolic pathway (UGTB27), also shows
reduced clearance in children after cardiac surgery (212). Volumes of distribution were
within the range described for adults (103.5 to 126.7 L.70kg-1) (37, 41, 42). Both the T1/2α
(12 min) and the T1/2β (2.2 h) are similar to those predicted in adults after standardisation for
size using allometric models (37, 41, 42). The pharmacokinetic parameters from this study,
and adult studies reported in the literature are shown in Table 2.8. Both clearance, volume of
distribution and elimination half life estimates are similar to those described by Petroz el al
(45) who used similar methodology but did not account for age-related changes.

The

clearance estimate from this analysis of 0.8 L.h-1.kg-1 for a five year of child is higher than
that estimated by Diaz et al (0.57 L.h-1.kg-1) (46) who used a standard two-stage analysis
rather than a population approach.

Cardiac
Children

Anttila M et al – De Wolf AM et
2003 (37)
al – 2001 (41)

Talke P et al –
1997 (42)

CL (L.h-1.70kg1
)

39.2

44.8

52.5

45.7

Vc (L.70kg-1)

36.9

-

35.2

16.87

68.2

-

91.5

86.73

Vss (L.70kg )

105.1

112.7

126.7

103.53

T1/2 α (min)

12

6.5

12

6

T1/2 β (h)

2.3

2.17

2.27

2.0

-1

Vp (L.70kg )
-1

Table 2.8: Pharmacokinetic parameters for dexmedetomidine from this study and adult studies reported in the
literature.

Due to immature elimination pathways it was anticipated that clearance would be reduced in
neonates and infants. A recent report suggests that clearance is the same (17.3 mL.min-1.kg-1)
in children less than 2 years and in those greater than 2 years when the per kilogram linear
model is used (48). The current analysis using allometric size models did find age-related
changes. Size, scaled using allometric models (213), was the primary covariate used in this
analysis in order to compare adult and paediatric estimates. This method also allowed
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investigation of age-related changes (143). Clearance is 87% of adult values by 1 year of age
(Figure 2.3). The reduced clearance in infants may be attributable to different age-related
pathologies. The length of time on bypass was the same for children above and below 2
years (1 h 59 min vs. 2 h 3 min; Table 2.1).

Dexmedetomidine undergoes extensive

biotransformation with very little excreted unchanged. UDP-glucuronyltransferase (UGT) is
the major clearance route (57, 214) with cytochrome P450 2A6 contributing 15% to
elimination (215).

Data from this study suggests that maturation of dexmedetomidine

clearance occurs over the first year of life. CYP2A6 expression is reported to approach adult
levels at or near 1 year of age (149), and UGT expression and activity is also reduced in
neonates and infants, approaching adult rates by 1 year of age (160). Other drugs eliminated
by UGT (e.g. morphine and paracetamol) follow a similar maturation pattern (216, 217). The
pharmacokinetic parameter estimates were associated with large between-subject variability.
Size and age contributed 89.2% of clearance parameter variability.
Dexmedetomidine is a lipophilic drug that is extensively distributed; it readily crosses the
blood brain barrier and penetrates extravascular sites. This results in dexmedetomidine
having a large apparent volume of distribution, consistent with our Vss of 105.1 L.70kg-1.
Vilo et al (48) have shown an increased Vss in infants compared with children. No agerelated change in volume of distribution were found, despite significant changes in body
composition during the early years of life (218). This may be due to altered physiology in
cardiac surgery patients.
Many drugs in anaesthesia conform to multiple compartment models and the time required
for the plasma drug concentration to decline by 50% after termination the infusion (the
context sensitive half time) is markedly different from the elimination half life. Elimination
half life may be of limited value in characterizing disposition of intravenous drugs during
dosing periods relevant to anaesthesia. Dexmedetomidine displays an increasing context
sensitive half life with infusion duration due to return of the drug to the plasma from the
peripheral compartments after ceasing the infusion (Table 2.7). The context sensitive half
life of dexmedetomidine also shows age-related changes with it taking 1.24 h for plasma
dexmedetomidine concentrations to decrease by half in neonates compared with 0.48 h in
adults after an infusion of one hour (Figure 2.10). These changes are attributable to clearance
maturation.
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Figure 2.10: Context sensitive half lives for a neonate and adult after an infusion of 0.7 µg.kg-1.h-1 for one hour.
The black dashed line indicates time to 50% decrease in plasma dexmedetomidine concentration for an adult;
the grey dashed line indicates the time to 50% reduction in plasma dexmedetomidine concentration for a
neonate.

This chapter describes the pharmacokinetics of dexmedetomidine in children after cardiac
surgery. Clearance is reduced in this population, possibly due to the effects of cardiac
surgery and extracorporeal bypass on hepatic blood flow. Clearance of dexmedetomidine
shows age-related maturation; clearance at birth is approximately 39% of the population
estimate for children out of infancy
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Chapter 3. Optimal Trial Design of Paediatric Pharmacokinetic
Studies
3.1. Introduction
Population pharmacokinetic studies commonly involve the collection of a few samples from
each of a large number of subjects (sparse sampling).

The efficiency of a population

pharmacokinetic study and the precision with which the parameters are estimated depend on
the properties of the study design: the number of groups in the study, the number of subjects
in each group, the number of samples per group and the timing of the samples (219-221). An
optimal study design will be obtained by balancing these design properties to give the best
possible parameter estimates.
Generally, optimisation of pharmacokinetic study designs is obtained through the
optimisation of specific information about the study in the Fisher information matrix through
optimality criteria (222). In pharmacokinetic study design, the D-optimality criteria is the
most commonly used. It minimizes the variability (standard error) associated with parameter
estimates by maximising the determinant of the Fisher information matrix (222).

The

determinant is a summary measure of the volume of the matrix (223).
Optimisation may be performed for exact and approximate population designs. An exact
population design fixes the number of groups, number of subjects in each group and the
number of sampling times and allows only the sampling times to be optimised.

In

approximate population designs all group properties are optimised (222).
Optimisation of study design aids in the determination of sampling windows. Sampling
windows are useful in clinical trials when specific sampling times may not be possible, or to
increase study compliance (222). For example, sampling windows are particularly useful in
paediatric intensive care studies where blood sampling may be timed to coincide with clinical
cares, such as the drawing of blood for blood gas analysis.
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The aim of the study described in this chapter was to use the optimal trial design software
package WinPOPT (http://winpopt.com) to:
1.

evaluate the sampling schedule for the study described in Chapter 2

2.

evaluate and optimise a number of different trial designs and suggest optimal
sampling windows for future studies of dexmedetomidine pharmacokinetics in
children, and

3.

investigate the effect of age on the timing of sample collection.

3.2. Methods
3.2.1. Evaluation of the sampling schedule for the study described in Chapter 2

The optimal trial design software WinPOPT was used to evaluate the properties of the study
design described in Chapter 2. Some properties of this population study are shown in Table
3.1 and were evaluated against a traditional pharmacokinetic trial design (also outlined in
Table 3.1). Evaluation of a sampling schedule was based on a single intravenous dose of 3
µg.kg-1. WinPOPT allows for the analysis of multiple groups in a single analysis.

Study Design

No. Subjects

No. Samples
(per person)

Original Sampling Times (h)

Traditional

10

10

0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6,10

Population

45
3

0.25, 1, 4.5

4

0.25, 1, 3, 10

Table 3.1: Some properties of a traditional pharmacokinetic study design and the population study design used
in Chapter 2. The traditional study design has more samples from fewer subjects whereas the population study
design has fewer samples from more subjects.
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Prior information regarding the structural pharmacokinetic model and parameters are required
for successful evaluation. Initial parameter estimates for this evaluation analysis are from
Petroz et al (45) and are shown in Table 3.2. The Petroz et al estimates were selected from
the literature because this was the only study to report parameter estimates from
postoperative children with a two-compartment model after a single intravenous bolus dose
of dexmedetomidine.

Parameter

Estimate

BSV

CL (L.h-1.kg-1)

0.78

0.22

V1 (L.kg-1)

0.81

0.45

1.00

0.38

Q (L.h .kg )

1.80

0.5

D1 (h)

0.20

0.001

Proportional
error

0.1

Additive error

0.05

V2 (L.kg-1)
-1

-1

Table 3.2: Initial parameter, between-subject variability and residual error estimates for evaluation of the
sampling schedule described in Chapter 2. D1 is the duration of the infusion.

Evaluation was conducted using the evaluation tool in WinPOPT. Studies were compared to
the traditional study design using efficiency; the efficiency is the comparison of the criterion
of the study design of interest relative to the traditional pharmacokinetic study design
expressed as a percentage. The criterion is the determinant of the Fisher information matrix
to the power of one, divided by the number of parameters in the model.
3.2.2. Evaluation and optimisation of trial design

WinPOPT was used to evaluate and optimise the properties of several study designs (Table
3.3) to allow for the collection of optimal data to provide the best pharmacokinetic parameter
estimates possible. All study designs evaluated or optimised involved a single intravenous
dose of 90 mg (approximately 3 mg.kg-1 for a 10 year old child).

72

Chapter 3: Optimal Trial Design for Paediatric Pharmacokinetic Studies

Study Design

No. Subjects

No. Samples
(per person)

Original Sampling Times (h)

Traditional

10

10

0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6

Population 1

50

3

0.25, 0.5, 2

Population 2

50

4

0.25, 0.5, 1, 2

Population 3

50

5

0.25, 0.5, 1, 2, 4

Table 3.3: Some properties of each study design undergoing evaluation and optimisation

Initial parameter estimates used in the optimal design analysis are based on those from the
population study described in Chapter 2 that used a two-compartment model with log-normal
between-subject variability and a proportional and additive term to describe residual
variability. The parameter estimates used are shown in Table 3.4 and are calculated for a
standard 10 year old child. Parameter estimates were fixed to indicate that these were not of
interest. Constraints were placed on optimisation so that the last sample was taken no later
than 12 h after administration of dexmedetomidine.

Parameter

Estimate

BSV

CL (L.h-1.kg-1)

21.77

0.30

V1 (L.kg-1)

16.87

0.69

V2 (L.kg-1)

31.18

0.37

Q (L.h-1.kg-1)

38.86

0.48

D1 (h)

0.20

0.001

Proportional
error

0.110

Additive error

0.046

Table 3.4: Initial parameter, between-subject variability and residual error estimates for optimal trial design
analysis. D1 is the duration of the infusion.

First, three study population designs with different numbers of samples per individual were
evaluated, and compared to a traditional pharmacokinetic study design. Evaluation was
conducted using the evaluation tool in WinPOPT. Studies were compared to the traditional
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study design using efficiency; the efficiency is the comparison of the criterion of the study
design of interest relative to the traditional pharmacokinetic study design, expressed as a
percentage.
Following evaluation, the sampling times for the three population designs were optimised
using both the exchange algorithm and simulated annealing search algorithms. These are
global algorithms that determine the optimal design by searching for the determinant of the
Fisher information matrix over the design space. Finally, sampling windows can be defined
once sampling times have been optimised.
3.2.3. Effect of age on sampling times

WinPOPT was used to optimise the sampling times of a study to determine the
pharmacokinetics of dexmedetomidine in children of different ages to investigate if
maturational changes in clearance alter the optimal timing for sample collection. The study
properties remain the same for each analysis: 50 children receiving a 3 mg.kg-1 intravenous
dose of dexmedetomidine over 10 min each and providing four blood samples. The age,
dose, and parameter estimates are altered in each run to allow investigation of maturational
changes on the timing of sample collection. An outline of the age, weight, dose and prior
parameter information is shown in Table 3.5. Optimisation of sampling times was computed
using simulated annealing.

Age

Weight
(kg)

Dose (µg)

CL (L.h-1)

V1 (L)

V2 (L)

Q (L.h-1)

Newborn

3.5

10.5

1.645

1.845

3.410

7.391

6 months

7.5

22.5

5.328

3.954

7.307

13.090

1 year

10

30.0

7.920

5.271

9.743

16.243

5 years

20

60

15.234

10.543

19.486

27.317

10 years

30

90

21.772

16.869

31.177

38.861

Adult

70

210

39.194

36.900

68.200

69.900

Table 3.5: Prior parameter estimates and dose per age group for optimal trial design analysis.
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3.3. Results
3.3.1. Evaluation of the sampling schedule for the study described in Chapter 2

Evaluation of the sampling schedule from Chapter 2 compared to a traditional
pharmacokinetic study suggests that the design of the population approach from Chapter 2 is
superior to the traditional pharmacokinetic study approach (Table 3.6).

Study Design

Criterion

Efficiency (%)

Traditional

15.71

100

Population

18.70

119

Table 3.6: Evaluation of sampling schedule for the study described in Chapter 2 compared to a traditional
study design. The criterion is the determinant of the Fisher information matrix to the power of one divided by
the number of parameters in the model. The efficiency is the comparison of the criterion relative to the
traditional PK study design expressed as a percentage.

3.3.2. Evaluation and optimisation of trial design

Evaluation of three population pharmacokinetic study designs compared to a traditional
pharmacokinetic study design suggests that a population pharmacokinetic design requires
four or more samples per person to be more efficient than a traditional study design (Table
3.7). Optimal sampling times for the three population pharmacokinetic study designs are
shown in Table 3.8. Sampling windows are shown in Table 3.9.
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Study
Design

No.
Participants

No. Samples
(per person)s

Timing of Samples (h) Criterion

Efficiency
(%)

Traditional

10

10

0.25, 0.5, 0.75, 1, 1.5,
2, 2.5, 3, 4, 6

35.24

100

Population 1 50

3

0.25, 0.5, 2

19.01

54

Population 2 50

4

0.25, 0.5, 1, 2

83.61

237

Population 3 50

5

0.25, 0.5, 1, 2, 4

128.30

364

Table 3.7: Evaluation of study designs for the study of PK of dexmedetomidine in children after cardiac surgery.
Criterion is the determinant of the Fisher information matrix to the power of one divided by the number of
parameters in the model. The efficiency is the comparison of the criterion relative to the traditional PK study
design expressed as a percentage.

Study Design

No.
Participants

No.
Samples
(per person)

Optimal Sampling
Times (h)

Criterion

Efficiency
(%)

Population 1

50

3

E.A

0.14, 0.30, 0.69

42.56

121

S.A

0.2, 0.33, 0.64

46.42

131

Population 2

50

4

E.A

0.07, 0.22, 1.06, 1.68 262.09

>500

S.A

0.2, 0.24, 0.35, 7.63

296.44

>500

E.A

0.14, 0.22, 0.30,
1.35, 5.29

535.94

>500

S.A

0.2, 0.23, 0.29, 1.48,
5.51

542.45

>500

Population 3

50

5

Table 3.8: Optimised sampling times using Exchange Algorithm (E.A) and Simulated Annealing (S.A).
Efficiency calculated compared to traditional study design (criterion = 35.24).
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Study Design

No.
Participants

No. Samples
(per person)

Sampling Windows (h)

Optimal
Point (h)

Population 1

50

3

0.17 – 0.20

0.20

0.29 – 0.35

0.33

0.60– 0.71

0.64

0.04 – 0.2

0.20

0.23 – 0.29

0.24

0.32 – 1.39

0.35

4.53 – 10.50

7.63

0.03 – 0.20

0.20

0.22 – 0.26

0.23

0.28 – 0.85

0.29

0.96 – 3.13

1.48

4.00 – 10.90

5.51

Population 2

Population 3

50

4

50

5

Table 3.9: Sampling windows determined from optimal sampling times for population study designs.

3.3.3. Effect of age on sampling times

Optimal sampling times for each age group are shown in Table 3.10. There is no change in
the timing of the initial three samples, but some variation in the timing of the last sample.

Age

Dose (µg)

Optimal Sampling Times (h)

Newborn

10.5

0.20, 0.23, 0.32, 10.10

6 months

22.5

0.20, 0.23, 0.32, 7.11

1 year

30

0.20, 0.23, 0.31, 6.51

5 years

60

0.20, 0.24, 0.33, 6.89

10 years

90

0.20, 0.24, 0.35, 7.63

Adult

210

0.20, 0.25, 0.39, 9.44

Table 3.10: Optimised sampling times for different aged children
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3.4. Discussion
The design of clinical trials is often complex and it can be difficult to get the balance between
study properties, such as number and timing of samples, correct.

These problems are

compounded in study populations where physiological, pathological and ethical issues
prevent traditional approaches to study design. Population studies can overcome some of the
hurdles associated with traditional pharmacokinetic studies but how many samples are
required per person and the timing of these samples is often determined by experience or
convenience.
Optimal trial design allows for the evaluation and optimisation of study design to ensure that
the maximum information is obtained from an experiment, giving the best parameter
estimates possible. Evaluation of the trial design in Chapter 2 shows that this trial design was
better than that of a traditional pharmacokinetic study. Evaluation of three population
pharmacokinetic trial designs, each with a limited number of samples per individual,
compared to a more traditional pharmacokinetic study design shows that a population design
with four or five samples per individual is superior to both a traditional pharmacokinetic
design and a population design with three samples per individual (Table 3.7).

This is

consistent with the general rule of thumb that the number of samples required per individual
for a population pharmacokinetic study should be equal to or greater than the number of
pharmacokinetic parameters to be estimated.

For a two-compartment pharmacokinetic

model, used here, four parameters are estimated (CL, V1, Q and V2) so at least four samples
per person are required. However, in some situations the number of samples possible per
person may be further limited. This may be due to ethical and practical issues with taking
numerous blood samples from young children, for example. Optimisation of sampling times
can then be used to increase the validity of a limited sample trial design.
Optimisation of sampling times gives the most information rich times to sample and may
increase the efficiency of a study design. When the three population studies sampling times
were optimised all designs were superior to the traditional pharmacokinetic approach (Table
3.8). Optimisation involves searching for the determinant of the Fisher information matrix
over the design space. This can be done using local or global algorithms (223). Global
algorithms are advantageous as they are not dependent on the initial estimates of sampling
times and they do not have convergence problems (223). WinPOPT allows the use of two
global search algorithms, the exchange algorithm and simulated annealing.
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annealing has better convergence properties than the exchange algorithm and it has been
suggested that simulated annealing be used for determining the final study design (223, 224).
Table 3.8 shows the optimisation of sampling times for the three population study designs
using both the exchange algorithm and simulated annealing. The sampling times for the three
samples per person population design and the five samples per person population design were
comparable between the exchange algorithm and simulated annealing methods. For the four
samples per person analysis the simulated annealing method produced the latest optimal time
point as 7.63 h after drug administration compared to 1.68 h using the exchange algorithm
method.
Age is an important factor to be considered in paediatric pharmacokinetic studies as it
describes the maturation of physiological and behavioural processes. Comparison of optimal
sampling times for different age groups showed that the initial sampling times were similar
between groups, with variation only in the timing of the last sample. However, all these
sampling times are found within the last sampling window determined for a typical 10 year
old child (Table 3.9).

Although age should be considered when designing population

pharmacokinetic studies, the use of sampling windows probably allows for one sampling
schedule for all age groups to be included in a population study.
One of the drawbacks of optimal trial design is that it relies on prior information from
previous studies to run the analysis. This means that the outcome of the analysis will depend
on the prior information available, and if the structural model, parameter or error estimates
are not correct the optimal design analysis will not be valid (222).
Optimal trial design provides a useful tool when designing clinical trials.

This tool is

particularly useful when ethical or practical constraints limit the number of samples that can
be taken per individual, such as in paediatric studies. Optimal trial design allows for the
collection of samples at information rich times thereby maximising the information
achievable from each sample.

The use of sampling windows allows for even greater

flexibility in trial design with the confidence that sampling will still be at information rich
times.

This allows sampling times to be coordinated with other clinical activities and

promotes accurate recording of sample times. The random collection of samples from times
within the confines of the sampling windows may also provide protection against
misspecification of prior information.

79

Chapter 4. Investigation of Circadian Variation in Dexmedetomidine
Clearance
4.1. Introduction
Little attention is given to the influence of the circadian clock on the pharmacokinetics and
pharmacodynamics of a drug, despite well documented time-of-day variation in the
physiological processes that affect pharmacokinetics and pharmacodynamics in adults.
ADME and receptor expression and function have all been shown to vary over a 24 h period
(see Chapter 1, section 1.61.6.2). This variation in physiology is not an anomaly that should
be ignored, but leads to time-of-day variation in the duration of action and magnitude of
effect of many drugs. For example, the duration of action of local anaesthetic drugs and the
neuromuscular blocking drug rocuronium have all been shown to vary with time-of-day (184186, 225). While it is clear that the circadian clock has a profound effect on drug action in
adults, there is a lack of data concerning the chronopharmacology of drugs in children,
especially those less than 5 years of age.
One of the first drugs to be investigated for time-of-day effects in children was theophylline,
a bronchodilator used in the treatment of asthma. Peak plasma theophylline concentrations
are significantly higher in the morning than in the evening when examined in children over 5
years of age (226, 227). Scott et al (228) administered theophylline to children (6 to 17 years
of age) as a continuous intravenous infusion and as various sustained release oral
formulations. The authors found that there was no difference in plasma concentrations
between the day or night after intravenous administration, but that there was a day-night
variation after oral dosing. The time to maximum concentration occurred earlier after day
time dosing than night time dosing. These results suggest that the circadian variation of
plasma theophylline concentrations is attributed to time-of-day changes in absorption rather
than in clearance (228). Circadian variation in chemotherapy agents have also been reported
in children. Mercaptopurine, used to treat children with acute lymphoblastic leukaemia,
shows a significantly longer elimination half life when administered in the evening when
compared to morning administration with a corresponding increase in the plasma
concentration in the evening (229). Busulphan is an alkylating agent used before bone
marrow transplant. When administered to children 1 to 12 years of age, circadian variation in

80

Chapter 4: Investigation of Circadian Variation in Dexmedetomidine Clearance

plasma concentration has been shown (230). Busulphan plasma concentrations are highest at
night and this could be attributable to decreased night time clearance (230).
Understanding time-of-day variation in drug action and the mechanisms underlying this
makes it possible to tailor drug dosage regimens to account for these fluctuations, maximising
effect and minimising toxicity.

This has been shown to be the case for the cancer

chemotherapy agent 5-FU (see Chapter 1, section 1.6.5), but has not yet been reported for
anaesthetic drugs in children or adults.
The aim of the work described in this chapter is to investigate the presence or absence of a
time-of-day difference in dexmedetomidine clearance.

4.2. Methods
4.2.1. Study design and participants

Dexmedetomidine plasma concentrations from 45 children undergoing cardiac surgery at
Starship Childrens Hospital were utilised for this analysis. Ethics approval, recruitment, drug
administration, plasma sampling schedule and dexmedetomidine plasma concentration assay
have all been described in Chapter 2, sections 2.2.1 to 2.2.5.
4.2.2. Circadian analysis

A population approach (NONMEM VI, Globomax LLC, Hanover, MD, USA) was used to
investigate time-related clearance changes (209).

A two-compartment (central and

peripheral) linear model was fitted to the data. Methods for pharmacokinetic analysis have
been described in Chapter 2, section 2.2.6. Parameters were standardised to a 70-kg person.
A sigmoid hyperbolic model (Hill equation) described clearance maturation (143).
%.'
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where CLstd is the population estimates for CL, standardised to a 70 kg person using
allometric models; PMA is the postmenstrual age in weeks; TM50 describes the maturation
half-life of the age-related changes of CL; N is the Hill coefficient; SLcircadian is a slope
function relating CL to time after surgery; time is time after drug administration

81

Chapter 4: Investigation of Circadian Variation in Dexmedetomidine Clearance

Models were nested and an improvement in the objective function was referred to the Chisquared distribution to assess significance, e.g. a change in ∆OBJ of 3.84 is significant at
α=0.05. The NONMEM code used is shown in Appendix D.
Any time-related changes of clearance could simply be attributable to BOV. This BOV was
investigated by applying a variability parameter at each time point of sampling. Clearance
changes with time were investigated by applying a function (linear, exponential, polynomial,
or cosine) relating time to clearance corrected for age and size.

4.3. Results
Forty-five children were included in this analysis. Demographic data are outlined in Chapter
2, Table 2.1. Nineteen children returned from the operating room at midday and twenty-six
returned in the early evening. There was no difference between clearance estimates of those
children, standardised for age and weight, who received dexmedetomidine at midday and
those given dexmedetomidine in the early evening (p=0.76, Figure 4.1).
The addition of between-occasion variability to the model did not improve the objective
function.

We were unable to fit a sinusoidal function to the data.

A linear function

adequately described changes of clearance with time. Figure 4.2 shows clearance related to
time-of-day. This analysis did not change the objective function significantly. Figure 4.3
shows clearance related to time-since-surgery.

The latter analysis proved superior; the

objective function, a measure of goodness of fit, was reduced (∆OBJ 18.04, p<0.01) from the
base model with between-occasion variability. Parameter estimates are shown in Table 4.1
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Figure 4.1: Box and whisker plots of clearance estimates, standardised weight, showing no significant
variation in clearance with time of surgery.
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Figure 4.2: Individual predicted clearances related to time-of-day after admission into the paediatric intensive
care unit.
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16

Time (hours)

Figure 4.3: Individual predicted clearances over time since cardiopulmonary bypass (CPB). The solid line
represents a decreasing clearance with time since CPB. The dashed line shows mean oxygen consumption
(VO2) during the first 12 h after admission to a paediatric intensive care unit after cardiopulmonary bypass
operations (data from Li and colleagues) (231).

Parameter

Estimate

%BSV

%BOV

95% CI

44.8

26.8

4.02

38.1, 53.3

43.7

60.2

-

22.2, 65.9

70.7

55.7

-

37.3, 101

V2std (L.70kg )

57.3

28.3

-

41.9, 69.7

TM50 (weeks)

44.0

-

-

36.1, 57.7

N

2.34

-

-

0.884, 3.76

SLcircadian

-0.0409

-

-

-0.052, -0.022

Err additive

0.16 ng.mL-1

-

-

-

Err proportional

10.2%

-

-

-

CLstd (L.h-1.70kg-1)
-1

V1std (L.70kg )
-1

-1

Qstd (L.h .70kg )
-1

Table 4.1: Standardised dexmedetomidine population parameter estimates (BSV is between-subject variability,
BOV is between-occasion variability, 95% CI are the 95% confidence intervals of the structural parameters.
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4.4. Discussion
No clear relationship between clearance and time-of-day was found in this analysis (Figure
4.1 and Figure 4.2), but there was a relationship between clearance and time since surgery
(Figure 4.3). These changes could not be explained by between-occasion variability.
It is possible that the observed decrease in clearance with time since surgery is due to
children being in a hypermetabolic state after cardiopulmonary bypass surgery (232) and the
decrease of clearance with time is most likely attributable to the normalisation of metabolic
rate. In adults this hypermetabolic state has been attributed to re-warming after hypothermia,
complement activation following contact of blood with the extracorporeal circuit, reperfusion
after ischaemia and endotoxaemia with subsequent cytokine release (233).

Oxygen

consumption (VO2) in adults has been shown to increase following the end of surgery,
peaking at 2 to 3 h before gradually returning to basal levels after 16 to 18 h (232, 233).
Similar changes in metabolic rate have been reported for children with VO2 increased in the
early postoperative period (234, 235). Li et al have reported that there is a continuous
decrease in oxygen consumption during the first 12 h after CPB in infants (231), which is
consistent with the decrease we have shown in dexmedetomidine clearance following
surgery. This decreased clearance after cardiac surgery has also been reported in children
given an infusion of dexmedetomidine for 18 h after cardiac surgery (46). The clearance of
0.58 L.kg-1.h-1 (26.6 L.h-1.70kg-1) in that cohort was lower than that reported by others (0.78
to 1.04 L.kg-1.h-1) (45, 47, 49). This estimate of 26.6 L.h-1.70kg-1 is consistent with our
estimate of 26.5 L.h-1.70kg-1 at 10 h.
There are a number of possible reasons why this analysis did not show daily variation in
dexmedetomidine clearance. Young children may not show a defined circadian rhythm and
inclusion of these children in any analysis may mask time-of-day variation seen in older
children. Drugs commonly used in anaesthesia and in the ICU may shift the circadian clock
making it difficult to tease out the effect of the circadian clock on dexmedetomidine
clearance. Methodological issues with conducting chronopharmacokinetic studies may also
be a factor. These problems are discussed in turn below.
Many physiological processes occurover the first year of life and circadian rhythms appear to
be no different. The development of circadian rhythms in sleep in childhood is described, but
very few data exist on the development of circadian rhythms in organ function (Table 4.2).
In utero studies show day-night rhythms in foetal heart rate, respiratory rate and adrenal
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steroid genesis, but these rhythms appear to be maternally driven and once born, neonates do
not show profound circadian rhythms (236, 237).
Development of circadian rhythms in children is perhaps best characterised by the lack of
consolidated sleep-wake patterns in neonates.

There is considerable variation in the

development of sleep-wake patterns in neonates and infants. Over the first months of life, the
total sleep time decreases slightly; newborn infants sleep for approximately 16 to 17 h per 24
h period and by 1 year this has decreased to 12 to 14 h (236, 238). During this time there are
also changes to the REM/non-REM sleep cycle. The sleep cycle period in the newborn is
approximately 40 to 50 min compared to 90 min in adults. Sleep cycles in infants are made
up of active sleep (an immature form of REM sleep) and quiet sleep (non-REM or slow wave
sleep) (239). At birth active sleep predominates, but reduces rapidly to 25% of total sleep
time by 6 months of age, similar to that of adults (240).

Sleep cycles also become

increasingly consolidated as the length of each sleep episode increases. While newborn
infants wake after one or two sleep cycles, by 4 weeks of age sleep cycles are connected in
sleep episodes of approximately four h. At 3 months of age sleep episodes are approximately
7 h in length (238, 241). At this age sleep cycles become more organised, with non-REM
sleep dominating earlier in sleep cycles and REM sleep in later sleep cycles (241). Finally,
sleep starts to occur more during night time hours, showing a roughly diurnal rhythm at
approximately 4 months of age (238, 241). Development of core body temperature rhythms
as a marker of the clock have been investigated (242-245).

Although some day-night

variation has been recorded in neonates as young as 2 days old (243, 244) this is considerably
more pronounced in children at 4 weeks of age, and by 8 to 16 weeks of age infants show a
temperature nadir at a similar time to adults (0300 h) (242, 245, 246).

86

Chapter 4: Investigation of Circadian Variation in Dexmedetomidine Clearance

Physiological or
behavioural marker

Age

Ref.

Sleep

Show appearance of diurnal sleep patterns at 12 to 16
weeks of age

(236,
238)

Temperature

Temperature nadir similar to adults appears at 8 to 16
weeks

(242,
245,
246)

Cortisol

Diurnal rhythmicity at approximately 3 months of age

(247,
248)

Melatonin

Diurnal rhythmicity at approximately 3 months of age

(249251)

Table 4.2: Summary of physiological and behavioural markers of development of daily rhythms in children.

An understanding of the appearance of circadian rhythms in hormone production, such as
melatonin and cortisol, gives further insight into the development of circadian rhythms in
children. Melatonin can be detected in the blood within the first days of life but has no
discernable daily rhythm (252, 253). Measurement of melatonin and its metabolites show
that circadian rhythms in the hormone’s production occurs at approximately 3 months of age
(249-251). Interestingly, a robust rhythm in melatonin develops approximately 9 weeks later
in premature infants than in term infants (4.5 months vs. 3 months, respectively) (251). This
finding should be viewed in light of the fact that premature infants are often hospitalised in
constant light conditions which may mask the onset of melatonin rhythms.

Cortisol

rhythmicity follows a similar maturation period. Cortisol is present in the blood from an
early age but day-night rhythmicity in cortisol does not occur until after 3 months of age
(247, 248).

The emergence of strong melatonin, cortisol and temperature rhythms at

approximately 3 months of age occur at about the same time that sleep-wake cycles are
becoming increasing consolidated. Hellbrugge et al has also shown that rhythms in urine
excretion and heart rate are not present until 4 to 20 weeks of age (242).
The identification of time-of-day effects in drug action can be difficult to tease out from other
factors such as clinical interventions, environmental and subject related factors. Surgery, and
drugs commonly used during anaesthesia can disrupt circadian rhythms, thereby abolishing
rhythmicity. After coronary artery bypass grafting and orthopaedic surgery, the circadian
pattern of both melatonin and cortisol secretion is altered, suggesting that surgery disrupts
normal circadian rhythmicity (254, 255). Many of the medications used during anaesthesia
and in the postoperative period are known to phase-shift the circadian pacemaker (187).
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Opioids, benzodiazepines and propofol have all been shown to phase-shift circadian rhythms
in experimental animals (256-259). Any study involving agents that can phase-shift the
circadian pacemaker adds another level of complexity when trying to determine the time-ofday effect on a particular drug.
Traditionally, chronobiological studies are conducted in highly controlled conditions, with
strictly observed light-dark regimens and meal times to ensure that the subjects’ circadian
rhythms are synchronised. If there is no such synchrony, the naïve pooled data analysis of
different individuals may result in the masking of any time-of-day effect despite each
individual showing marked rhythmicity. Population modelling has the potential to avoid
such a loss of information concerning the magnitude of between-subject variability or its
causes. Oscillating functions to describe changes in physiology and pharmacology modelling
using a cosine, dual-cosine or harmonic function have been successfully used (260).
In clinical studies it is difficult to ensure conditions remain constant, especially when study
periods may span many months. An important methodological consideration in the paediatric
hospital setting (particularly the PICU and NICU) is the lighting environment. Constant low
level lighting can result in a lack of synchronisation of an individual’s circadian clock with
the 24 h day. This is not only a consideration for the analysis of results from these settings
but also has the potential to influence patient sleep quality and duration after anaesthesia.
Accurate measurement of the circadian phase of each of the participants, using salivary or
plasma melatonin and/or cortisol levels or core body temperature measurements, would allow
researchers to assess circadian phase and to normalise desynchrony among participants.
Typical chronopharmacokinetic studies involve the comparison of the pharmacokinetics of
the drug of interest following single administrations at different time points. For drugs
commonly administered as a constant infusion, investigation following a 24 h infusion may
provide a better indication of the time-of-day pharmacokinetic differences.

Studies

investigating time-of-day changes in the pharmacokinetics or pharmacodynamics of a
particular drug should specifically state the route of administration by which that drug is
normally given because comparison among different routes of administration may provide
information about the mechanism behind any variation (e.g. as was shown for theophylline).
For oral dosing the timing of meals must be considered and controlled for. The frequency
and timing of sampling also needs careful consideration in order to facilitate the accurate
determination of time-of-day variation in drug action. Fewer samples over the period of the
88

Chapter 4: Investigation of Circadian Variation in Dexmedetomidine Clearance

rhythm may result in a lack of clarity of the amplitude of the rhythm and the phases at which
peaks and troughs occur. Researchers studying children should be mindful of age. Inclusion
of infants who do not show robust circadian rhythms may mask circadian variation present in
older children. This will be of particular importance if the drug of interest has a narrow
therapeutic index. Variation in drug plasma concentration throughout the course of a 24 h
period may be such that at different times of the day a single dose may be associated with
plasma concentrations outside the therapeutic window, either sub therapeutic or toxic.
The major limitation of this study was that it was not designed to expressly to examine the
time-of-day variation in dexmedetomidine clearance in children but was rather a secondary
endpoint. At Auckland City Hospital the timing of surgical schedules results in children
returning from surgery (as subsequently receiving dexmedetomidine) at two distinct time
points: 1200 and 1700 h. This provided a platform to investigate time-of-day variation in
dexmedetomidine clearance.
This analysis did not show circadian variation in dexmedetomidine clearance, possibly due to
the methodological issues described above masking time-of-day effects that do exist. These
results do not exclude the possibility of time-of-day variation in dexmedetomidine clearance,
and the possibility of this should not be discounted. Further investigation in a well designed
clinical study should be undertaken as time-of-day variation may result in the requirement for
time-of-day changes in dosing.
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5.1. Introduction
The increased use of dexmedetomidine in the paediatric setting has not been accompanied by
comprehensive pharmacokinetic analyses.

This is despite the lessons learned from the

introduction of bupivacaine into paediatric practice, where a failure to recognise reduced
clearance in neonates resulted in an increased incidence of seizure activity during epidural
infusion (261, 262). This lack of paediatric studies have been criticised in several editorials
and a plea made to have all industry and clinical pharmacokinetic data available before
widespread use of new drugs in children (263-265).
In Chapter 1, section 1.3.1.2 the first three studies describing the pharmacokinetics of
dexmedetomidine in children were outlined (45-47).

These studies had small subject

numbers, and included children from diverse age groups with differing pathologies and at
many locations and the reported pharmacokinetic parameters differed. Petroz et al (45)
(n=16) noted an unexplained 29% higher clearance in children from South Africa than in
those from Canada. Diaz et al (46), in a smaller study (n=10) of children in intensive care
receiving a dexmedetomidine infusion (8-24 h), anticipated greater weight adjusted clearance
values in infants than in adults, but observed clearance values were lower than reported adult
estimates. Vilo et al (47) grouped 16 children into either <2 years of age or >2 years of age.
Simply grouping these children for analysis does not allow for examination of the maturation
trend expected in neonates and infants and indeed the authors were unable to describe
maturational changes in clearance. A population approach was not used by either Vilo (47)
or Diaz (46) because the small number of patients was considered insufficient for reasonable
estimates of parameter variances. Typical clearance estimates differ in each of the studies
(0.78 L.kg-1.h-1, 0.58 L.kg-1.h-1, 1.04 L.kg-1.h-1).
To further elucidate the pharmacokinetic profile of dexmedetomidine in children, data from
these three published paediatric pharmacokinetic analyses were pooled with our
pharmacokinetic data from children who had undergone cardiac surgery (see Chapter 2).
Population modelling allows for pooling of data from different studies to gain a larger data
set that enables a more comprehensive examination of covariate effects that include age, size
and pathology (263). This chapter presents the analysis of pooled data, from four paediatric
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pharmacokinetic analyses of dexmedetomidine, to provide a more complete understanding of
dexmedetomidine pharmacokinetics in children.

5.2. Methods
5.2.1. Collection of original data

Three previously published paediatric dexmedetomidine studies were identified from the
literature through a MEDLINE search. The authors of the studies were contacted and asked
if they would contribute their original data to a pooled population analysis. All authors
agreed and original data were collected.
Local ethics review boards at each of the three institutions approved the individual study
protocols. Written informed parental consent was obtained for each child in all of the studies.
5.2.2. Description of methods for original studies

An outline of the demographics and protocols for each study is given in Table 5.1.
5.2.2.1. Study 1

Petroz et al (45) studied dexmedetomidine pharmacokinetics in 24 children, between 2 and
12 years of age undergoing urologic, lower abdominal or plastic surgery at two sites: The
Republic of South Africa (RSA) and Canada. Children were sequentially assigned to three
study groups who received 2, 4 or 6 µg.kg-1.h-1 of dexmedetomidine administered as a single
bolus dose over 10 min, approximately 1 h before induction of anaesthesia. Ten blood
samples (2 mL each) for dexmedetomidine assay were taken from a dedicated sampling
intravenous cannula at baseline (before dexmedetomidine infusion); 10 (end of infusion), 15,
30, 75 and 150 min; and 4, 6, 12, and 24 h after the start of the infusion. Samples were
immediately centrifuged and plasma was stored at -20oC until assay by the division of Drug
Metabolism at Abbott Laboratories, Abbott Park, Illinois.

Plasma dexmedetomidine

concentration was analysed using gas chromatography-mass spectrometry (GC-MS) with a
lower limit of detection of 0.010 ng.mL-1.
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5.2.2.2. Study 2

Diaz et al (46) studied ten children undergoing low-risk cardiac or craniofacial surgery.
Dexmedetomidine infusion was started after surgery with a loading dose of 1 µg.kg-1.h-1 for
10 min then decreased to an infusion rate of 0.2 µg.kg-1.h-1 that was titrated to the desired
clinical effect (as determined by a modified Ramsay Sedation Scale score and level of
sedation as assessed by paediatric intensive care nursing staff) in increments of 0.1
µg.kg-1.h-1. Blood samples (1 mL each) were obtained from an intravascular catheter at
baseline, 10 and 30 min, 2, 4, 6, 8 and 16 h and at the end of the infusion. Additional
samples were collected at 2, 4 and 8 h after the infusion ended. Blood samples were
immediately centrifuged and plasma was stored at -70oC until assay by liquid
chromatography-mass spectroscopy by Abbott laboratories, Abbott Park, Illinois. The mean
lower limit of quantitation was 0.02105 ng.ml-1.
5.2.2.3. Study 3

Vilo et al (47) studied dexmedetomidine pharmacokinetics in children (n=16) undergoing
elective bronchoscopy or nuclear magnetic resonance imaging. Children were divided into
two groups: those under 2 years of age and those over 2 years of age. Dexmedetomidine 1
µg.kg-1 was administered over 5 min by continuous intravenous infusion prior to
bronchoscopy or NMRI. Ten blood samples (1 mL each) were drawn from a dedicated
intravenous catheter at baseline and 5, 10, 20, and 30 min, 1, 2, 3, 4 and 5 h after the end of
the dexmedetomidine infusion. Plasma was separated within 2 h of blood collection and
stored at -20 oC for subsequent analysis. Dexmedetomidine assay was performed using
reversed-phase high-performance liquid chromatography with tandem mass spectrometric
detection. The lower limit of quantitation of the assay was 0.1 ng.mL-1.
5.2.2.4. Study 4

The methods for this study have been described in Section 2.2 of Chapter 2.
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Study

n

Age
(years)

Weight
(kg)

Surgery /
procedure

Infusion / bolus

Dose

1 (45)

24

5.6
(2.0-12.0)

16.8
(10-42)

Urologic, lower
abdominal or
plastic surgery

Slow bolus over
10 min

2, 4 or 6 µg.kg-

10

3.0
(0.3-7.9)

13.1
(4.1-27.5)

16

2.75
(0.2-10.0)

45

3.38
(0.0114.4)

2 (46)

Sampling
type

Sample collection times

Venous

10 min, 15 min, 30 min,
75 min, 2.5, 4, 6, 12, 24
h

Low risk cardiac
or craniofacial
Infusion
surgery

1 µg.kg-1 bolus,
0.2 µg.kg-1.h-1 Venous
infusion

10 min, 30 min, 2, 4, 6,
8, 16 h during infusion,
2, 4, 8 h after infusion

14.58
(5.3-37.5)

Bronschoscopy
or NMRI

Slow bolus over
5 min

1 µg.kg-1

Venous

5 min, 10 min, 20 min,
1, 2, 3, 4, 5 h

15.1
(3.1-58.9)

Cardiac surgery

Slow bolus over
10 minues

1 – 4 µg.kg-1

Arterial

5 – 30 min, 1-2 h, 3-4 h,
6-10 h

1

3 (47)

Table 5.1: Demographics and protocol outline for included PK studies. Age and weight values reported as mean (range).

Chapter 5 –Pooled Dexmedetomidine Pharmacokinetics

93

4 (49)

Chapter 5: Pooled Dexmedetomidine Pharmacokinetics

5.2.3. Pharmacokinetic analysis
5.2.3.1. Population parameter estimations

One and two-compartmental models were investigated for both a first order and MichaelisMenton (mixed order) elimination. The final model comprised a two-compartment (central
and peripheral) linear model with first order elimination. The NONMEM code used is shown
in Appendix E. Population parameter estimates were obtained using nonlinear mixed effects
models (NONMEM VI, Globomax LLC, Hanover, MD, USA) (209). This model accounts
for population parameter variability (between-subjects) and residual variability (random
effects) as well as parameter differences predicted by covariate (fixed) effects.

The

population parameter variability in model parameters was modelled by a proportional
variance model (log normal distribution). Additive and proportional terms were used to
characterize the residual unknown variability. These population mean parameters, betweensubject variance and residual variance were estimated using the first order conditional
interaction estimate method using ADVAN3 TRANS4 of NONMEM VI. The convergence
criterion was to three significant digits. A Compaq Digital Fortran Version 6.6A compiler
with Intel Celeron 333 MHz CPU (Intel Corp., Santa Clara, CA) under MS Windows XP
(Microsoft Corp., Seattle, WA) was used to compile NONMEM.
The population parameter variability was modelled in terms of random effect (η) variables.
Each of these variables was assumed to have mean 0 and a variance denoted by ω2, which is
estimated.
The covariance between two elements of η (e.g. CL and V) is a measure of statistical
association between these two variables. Their covariance is related to their correlation (R)
i.e.
R=

cov ariance

(ω

2

CL

× ω 2Y

)

The covariance of clearance and distribution volume variability was incorporated into the
model.
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5.2.3.2. Covariate analysis

Size covariates were investigated using both a per kilogram model and an allometric model.
The parameter values were standardized for a body weight of 70 kg using the allometric
model (143, 266).
W

Pi = Pstd ×  i

 Wstd 

PWR

where Pi is the parameter in the ith individual, Wi is the weight in the ith individual and Pstd is
the parameter in an individual with a weight Wstd of 70 kg. This standardization allows
comparison of child parameter estimates with those reported for adults. The PWR exponent
was 0.75 for clearance, 0.25 for half-times and 1 for distribution volumes (143).
Age-related changes were also investigated using a Bateman function (267) for the per
kilogram size model:

(

)


− K × PMA
− K × PMA
 ×  D × K off
CL = CLstd × W
− e off
L.h −1
 × e on
 
(
)
W
K
−
K
std  
off
on 

where Koff and Kon are rate constants for onset and offset and D is a scaling parameter; PMA
is the postmenstrual age in weeks.
The Hill equation (144) was used for investigation of clearance changes with age with the
allometric model (143):


CL =  CLstd



× W

W
std 


0.75


PMA N
 ×
L/h
N
N
PMA
+
TM
50


(

)

where CLstd is the population estimate for CL, standardized to a 70 kg person using allometric
models; TM50 describes the maturation half-life of the age-related changes of CL; N is the
Hill coefficient. It is possible that there is asymmetry about the point of inflection and the
addition of an extra parameter (δ) describing this asymmetry can be used to provide extra
flexibility for this empirical function (268).
It is possible that the physiological changes seen after cardiac surgery may have altered
clearances and volumes of distribution from those children undergoing general surgery.
Scaling factors were applied to clearance and volume of distribution for those children who
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had undergone cardiac surgery. The reported reduced clearance in those children from South
Africa was investigated using an additional scaling factor applied to clearance.
There were five sources of data from four studies for the population analysis and this between
site variability was accounted for by giving each study site separate error parameters.
5.2.3.3. Quality of fit

Models were nested and an improvement in the objective function was referred to the Chisquared distribution to assess significance, e.g. a change in OBJ of 3.84 is significant at
α=0.05.

The quality of fit of the pharmacokinetic model to the data were sought by

NONMEM’s objective function and by visual examination of plots of observed versus
predicted concentrations. Bootstrap methods, incorporated within the NONMEM program,
provided a means to evaluate parameter uncertainty (211). A total of 1000 iterations were
used to estimate parameter confidence intervals.

A VPC (269), a modelling tool that

estimates the concentration prediction intervals and graphically superimposes these intervals
on observed concentrations after a standardized dose, was used to evaluate how well the
model predicted the distribution of observed dexmedetomidine concentrations.

This

graphical method of presentation is considered better than standard plots showing observed
versus predicted correlation (270)

5.3. Results
A two-compartment disposition model with first order elimination described the data better
than either a one-compartment model or mixed order elimination (maximum rate of
metabolism, Vmax 39.8 L.h-1.70kg-1; Michaelis-Menen constant, Km 0.024 ng.mL-1). The
analysis comprised 730 observations from 95 children, with a mean age of 3.83 (range 0.01 –
14.4) years and a mean weight of 16.05 (range 3.1 – 58.9) kg. Figure 5.1 shows the
distribution of the participants’ ages.
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Age

Figure 5.1: Histogram of patient ages.

Introduction of allometric size standardization improved the objective function (∆OBJ
208.28). Population parameter estimates (between-subject variability) were clearance 42.1
(CV 30.9%) L.h-1.70kg-1, central volume of distribution 56.3 (61.3%) L.70kg-1, intercompartment clearance 78.3 (37.0%) L.h.1.70kg-1 and peripheral volume of distribution 69.0
(47.0%) L.70kg-1. Parameter estimates are shown in Table 5.2. Alternative parameterizations
of these estimates are shown in Table 5.3.
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Parameter

Estimate

%BSV

%SE

95% CI

42.1

30.9

4.4

38.7, 45.8

56.3

61.3

8.7

44.5, 67.4

78.3

37.0

14.4

50.7, 98.4

V2std (L.70kg-1)

69

47.0

8.2

57.5, 80.3

TM50 (weeks)

44.5

-

6.9

36.8, 50.3

N

2.56

-

17.6

1.65, 3.78

Finf

0.73

-

12

0.60, 0.88

CLstd (L.h-1.70kg-1)
-1

V1std (L.70kg )
Qstd

-1

-1

(L.h .70kg )

Table 5.2: Standardized dexmedetomidine population pharmacokinetic parameter estimates (BSV is the
between-subject variability, SE is the standard error of the estimate, CI is the 95% confidence interval).

A

0.0122 ng.mL-1

B

0.0056 ng.mL-1

alpha

2.9895 h-1

beta

0.2839 h-1

V1

56.3 L

k1O

0.7478 h-1

k12

1.3908 h-1

k21

1.1348 h-1

T1/2α

12 min

T1/2β

2.4 h

Table 5.3: Alternative Parameterisation.
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The introduction of the maturation model further reduced the objective function (∆OBJ
101.44). A factor accounting for asymmetry about the inflection point (δ) had no effect on
the objective function. Clearance at birth in a term neonate was 18.19 L.h.1.70kg-1 and this
matures with a half-time of 44.50 weeks to reach 71.60% of adult rates by 6 months of age
and 86% of adult rates by 1 year of age (Table 5.2, Figure 5.2). These individual clearance
estimates are from NONMEM’s posthoc (posterior individual) step and are based on values
of the parameters for the specific individual using their observed data.

80

Potts
Vilo

Clearance (L.h-1 .70kg-1 )

70

Diaz
60

Canada

50

RSA
Population Clearance

40
30
20
10

1 year

0
10

2 years

5 years

100

1000

Postmenstrual Age (weeks)
Figure 5.2: Individual predicted dexmedetomidine clearances from the NONMEM post hoc step, standardized
to a 70-kg person using an allometric power model with an exponent of ¾ (CL, L.h-1.70kg-1), are plotted
against postmenstrual age on a log scale. The solid line represents the non-linear relationship between
clearance and age.
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The per kilogram model was also investigated.

Introduction of per kilogram size

standardization reduced the objective function (∆OBJ 243.70) above the base twocompartment model. Introduction of a Bateman function (267) to describe clearance changes
with age for the per kilogram model reduced the objective function by a further 67.71. The
final objective functions for the allometric and maturation model (OBJ 2542.99) and that of
the per kilogram model with the Bateman function (OBJ 2548.20) were similar although the
latter analysis required one extra parameter. Figure 5.3 shows clearance per kilogram. The
correlation of between-subject variability for CL, V1, Q and V2 is shown in Table 5.4. Mean
age-related clearance predictions are shown in Table 5.5. This table also shows clearance per
kilogram, based on an estimated weight for each age group.

Potts

1.8

Vilo

1.6

Diaz

Clearance (L.h-1 .kg-1 )

1.4

Canada

1.2

RSA

1.0

Population Clearance

0.8
0.6
0.4
0.2
1 year

0.0
10

2 years

100

5 years

1000

Postmenstrual Age (weeks)
Figure 5.3: Individual predicted dexmedetomidine clearances from the NONMEM post hoc step, standardized
as per kilogram using an allometric power model with an exponent of 1 (CL, L.h-1.kg-1), are plotted against
postmenstrual age on a log scale. These individual predictions are the same as those shown in Figure 5.2, but
they are standardized as per kilo rather than standardized using an allometric ¾ model. The solid line
represents the non-linear relationship (Bateman function) between clearance and age.
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CL

V1

Q

CL

1

V1

0.613

1

Q

0.614

0.074

1

V2

0.155

-0.077

0.236

V2

1

Table 5.4: The correlation of between-subject variability for CL, V1, Q and V2.

Age

Weight (kg)

CLstd (L.h-1.70kg-1) CL (L.h-1.kg-1)

0

3.5

18.20

0.55

1 month

4.5

20.75

0.59

3 monts

6

25.19

0.67

6 months

7.5

30.85

0.77

1 year

10

36.14

0.84

2 years

12

39.97

0.89

3 years

14

41.10

0.88

4 years

16

41.54

0.86

8 years

25

41.98

0.78

12 years

38

42.05

0.70

Table 5.5: Age-related dexmedetomidine clearances described using both the allometric “3/4 power” model
(L.h-1.70kg-1) and the linear per kilogram model (L.h-1.kg-1).

Investigation of differences in clearance or volume between studies or sites using individual
scaling factors revealed that those children receiving dexmedetomidine infusion after cardiac
surgery had a reduction in clearance of 27 % from the population mean (∆OBJ 13.78).
Clearance in children who had undergone cardiac surgery given boluses immediately after
surgery was similar to those in the rest of the population.
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Figure 5.4 and Figure 5.5 demonstrate the quality of fit for pharmacokinetic data. Individual
concentration predictions are based on values of maximum a posteriori Bayesian estimates of
the parameters using the posthoc option, while predicted typical (population) concentrations
are based on population parameters and covariate information.

Predictions from

NONMEM’s posthoc (posterior individual) step are based on values of the parameters for the
specific individual using their observed data.

3.5

Observation (ng.mL-1 )

3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Population prediction (ng.mL-1)

Figure 5.4: Quality of fit of pharmacokinetic data. Population predictions are compared with observed values.
The line x = y is the line of identity. .
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4.5

Observation (ng.mL-1)

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Individual prediction (ng.mL-1 )

Figure 5.5: Quality of fit of pharmacokinetic data. Individual Bayesian concentration predictions based on
values of the parameters for the specific individual are compared with observed values.

Figure 5.6 and Figure 5.7 show the VPCs. These plots show the model predicts distributions
of observations reasonably well after bolus dosing (Figure 5.6). Data from children who had
undergone cardiac surgery and received a continuous infusion (Figure 5.7) show that median
observations are greater than predicted unless a scaling factor is applied (Finf=0.73). Visual
predictive checks are considered superior to standard plots showing observed versus
predicted correlation (270)
There were five different data sources so between-site variability was initially accounted for
by giving each study its own separate residual proportional and additive errors. The additive
error estimates for all studies were very small and fixed at zero for the final model. The
proportional error estimates for each of the five sites were all similar (16.60%, 14.40%,
19.90%, 17.10%, 16.70%). The use of a single proportional term (16.2%) for all studies
resulted in an increased objective function (∆OBJ 13.08) that was not significant when
referred to the Chi-squared distribution.
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2.5
Hi
Median
Lo
ObsHi
ObsMedian
ObsLo

Concentration (ng.mL-1 )

2.0

1.5

1.0

0.5

0.0
0

4

8

12

16

Time (hours)
Figure 5.6: Visual predictive checks for bolus (1 µg.kg-1) regimen based on the theoretical allometric size
model with a sigmoid hyperbolic maturation function of postmenstrual age. The median and 90% prediction
interval are shown for the observed values (obsMedian, obsHi, obsLo) and for the model predictions. The thick
solid line is the median prediction (Median) and the dashed lines indicate the prediction intervals (Hi is the
95% prediction, Lo is the 5% prediction).
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Hi
Median
Lo
ObsHi
ObsMedian
ObsLo

1.6

Concentration (ng.mL-1)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

4

8

12

16

20

24

Time (hours)
Figure 5.7: Visual predictive checks for an infusion (0.2 µg.kg-1.h-1) regimen based on the theoretical
allometric size model with a sigmoid hyperbolic maturation function of postmenstrual age. The median and
90% prediction interval are shown for the observed values (obsMedian, obsHi, obsLo) and for the model
predictions. The thick solid line is the median prediction (Median) and the dashed lines indicate the prediction
intervals (Hi is the 95% prediction, Lo is the 5% prediction).

5.4. Discussion
Pooling of data across studies allows for a more robust analysis of the pharmacokinetic
profile of a drug.

All lead authors from previously published dexmedetomidine

pharmacokinetic analyses supplied their raw data for this pooled analysis, making this the
largest analysis of dexmedetomidine pharmacokinetics so far.
The clearance estimates in children out of infancy (42.1 L.h-1.70kg-1) are similar to those
described in adults (44.8-52.5 L.h-1.70kg-1) when the allometric model is used. Body-size,
scaled using allometric models (213), was the primary covariate used in this analysis to
compare adult and paediatric estimates. Although maturation can be observed from the per
kilogram model (Figure 5.3), the use of allometric scaling allows prediction of the mature
adult values (Figure 5.2).
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Clearance in neonates and infants is reduced: this is attributable to immaturity of elimination
pathways (Chapter 1, section 1.5). Clearance in term neonates is 42.2% of adult values,
reaching 86% by 1 year of age (Figure 5.2). Maturation parameters for clearance (TM50 44.5,
95% CI 36.8 to 50.3 weeks; N 2.56, 95% CI 1.65 to 3.78) are similar to those described for
morphine maturation (TM50 54.2, 95% CI 50 to 60 weeks; N 3.92, 95% CI 3.25 to 4.40)
(271). This is unsurprising because the major route of dexmedetomidine clearance is through
UGT conjugation (57, 214), similar to that of morphine. Cytochrome P450 2A6 also
contributes to elimination (215) and expression and activity is reported to approach adult
levels at or near 1 year of age (149, 160). Volume of distribution estimates in children out of
infancy (Vss 125.3 L.70 kg-1) are also similar to adult values (Vss 103.5 to 126.71 L.70 kg-1)
(37, 41, 42).
Children after cardiac surgery receiving a dexmedetomidine infusion had clearance reduced
by 27%; the VPC for infusion data in these children (Figure 5.7) demonstrates an increased
concentration above the anticipated median consequent to this reduced clearance.
Extrapolation of dose from children given an infusion in intensive care after cardiac surgery
may not be applicable to those sedated for non-invasive procedures out of intensive care. The
lower clearance with prolonged infusion could represent substrate depletion for glucuronide
conjugation; these children were also treated with morphine. Morphine clearance is reduced
in children after cardiac surgery (212). Another possibility is an effect on hepatic blood flow.
The decreased clearance is based on plasma concentrations. Dexmedetomidine blood/plasma
concentration ratio is 0.704 (272). This would equate to a blood clearance of 60 L.h-1, which
is approaching liver blood flow, this means dexmedetomidine has a very high intrinsic
clearance which would be sensitive to changes in hepatic blood flow. Cardiac output and
oxygen consumption decrease in the 12 h after cardiac surgery (231). In addition, adult data
suggests that dexmedetomidine concentration also has a negative concentration-dependent
effect on cardiac output (272). Consequently, reduced clearance may be more noticeable
with an 18 h postoperative infusion than after a single dose given early in the postoperative
period. Certainly a reduction of clearance with time was noted after a single dose during the
investigation of circadian rhythms (see Chapter 4). Michaelis-Menten kinetics could not
explain these observed changes; Vmax was similar to the clearance estimate and Km was
small. Children after cardiac surgery will achieve a similar target concentration to those out
of the intensive care with a 27% reduction in infusion rate. These data only apply for the first
postoperative day; further study in this area is required to define subsequent infusion rates.
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Data were from four different studies and although there may be some minor differences in
assay techniques and observation timing, the similarity of residual errors for each study was
reassuring. In addition, parameter variability was similar to those described for morphine and
paracetamol in children (146, 271), drugs that are also cleared by glucuronide conjugation.
Despite pooling all of the available data there are only 95 subjects in this analysis. These
subjects are a diverse group and numbers may be insufficient to fulfill meaningful covariate
analysis. The majority of subjects were children undergoing congenital heart corrective
surgery, and while the drug has found a niche in that subpopulation, it is also widely used for
sedation in radiology (273, 274).

Children presenting for sedation in radiology are

commonly administered a continuous infusion of dexmedetomidine. Dose requirements in
this situation may be different from those given an infusion during intensive care stay.
Reduced clearance in children given infusions of dexmedetomidine during intensive care stay
has been demonstrated. These differences may be attributable to pathology, but require
clarification. There were only four neonates and the 19 infants aged 1 to 6 months, who
drove the maturation profile estimates, and all were from cardiac intensive care; clearance
maturation may be reduced in this subgroup. Pharmacodynamic effects need to be assessed
in different age groups at the same steady-state concentration to distinguish pharmacokinetic
from pharmacodynamic differences.
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6.1. Introduction
Maintaining adequate sedation and analgesia in paediatric intensive care units for
postoperative, intubated patients remains a challenge. Sedation and analgesia are commonly
used to improve tolerance of artificial ventilation, reduce discomfort during intensive care
procedures and to modulate physiological responses to stress (e.g. tachycardia and
hypertension) (88, 94). Opioids and benzodiazepines are the pharmacologic mainstay for
analgesia and sedation in the PICU but maintaining adequate sedation and analgesia while
minimising adverse effects (e.g. gastrointestinal dysfunction from opioids, prolonged
sedation from benzodiazepines) can be difficult. New sedative protocols continue to improve
the quality of sedation, but management of these patients often requires escalating doses
resulting in tolerance, respiratory and haemodynamic instability and withdrawal signs and
symptoms.
Given its pharmacological profile, dexmedetomidine may be a better sedative than other
currently available agents; along with sedation it provides analgesic and anxiolytic effects but
it does not produce clinically significant respiratory depression at routine doses. Adult data
suggests that dexmedetomidine produces clinically useful sedation, and reduces analgesic
requirements, when administered as an infusion in postoperative ICU patients (88, 90, 93, 99,
105).

Similar results have been reported for children in a number of case series and

retrospective reviews (120, 123-127). These data are supported by Tobias et al (116) who
found that dexmedetomidine provided a sedative effect similar to midazolam (see Chapter 1,
section 1.3.3.2). Although the Tobias et al study involved postoperative ICU patients, it is
unclear what type of surgery these participants had undergone, if any. The sedative and
analgesic effects of dexmedetomidine in postoperative cardiac patients are still to be
described.
The aim of the work described in this chapter is to investigate the sedative and analgesic
effects

of

dexmedetomidine

in

postoperative

cardiac

patients

and

dexmedetomidine has any effect on the time spent on mechanical ventilation.
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6.2. Methods
6.2.1. Study protocol

Participant recruitment and study drug administration for the dexmedetomidine group have
been described in section 2.2, Chapter 2.
An audit of patient demographics, surgical procedure, drugs administered during intensive
care stay and clinical interventions was undertaken by the nursing staff at Starhip’s PICU. As
an audit it did not require formal ethics approval as stated in the Ministry of Heath Guidelines
for Observational Studies (275). The control group consisted of all those children who had
undergone cardiac surgery, but did not receive dexmedetomidine, during the same calendar
year the study was undertaken.
The study period was for the 24 h after admission to PICU. Demographic data (age and
weight and surgical procedure) was recorded from clinical notes and time on bypass was
recorded from the anaesthetic record. Morphine and diazepam were charted by the intestivist
on duty according to routine PICU protocols and were available for administration at the
discretion of the nursing staff. Total morphine and diazepam use for the 12 h after admission
into PICU, was recorded from Nursing Observation Charts and Medication Charts,
respectively.
Time on mechanical ventilation, defined as the time from admission to the PICU to the time
of extubation, was recorded from Nursing Observation Charts.
6.2.2. Statistical analysis

Diazepam and morphine requirements were analysed as total administered over the 12 h
study period; in 6 h epochs (total over the first 6 h after admission to PICU and total over the
second 6 h after admission). All comparisons were made using a Student’s t-test using the
statistical software package SigmaPlot (version 11, Systate Software, Inc. San Jose, CA,
USA). All data are reported as mean (SD) unless otherwise stated.
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6.3. Results
There was no difference between groups with respect to age, weight and time on bypass.
Demographics and surgery type are shown in Table 6.1 and Table 6.2.
Control

Dexmedetomidine

P value

N

114

41

M/F

75/39

21/20

Age (years)

4.15 + 5.12
(7 days, 16.62
years)

3.04 + 3.94
(5 days, 12.12
years)

0.16

Weight (kg)

18.1 + 18.77
(2.42, 96.0 kg)

13.84 + 13.30
(3.1, 48.4 kg)

0.12

Time on
bypass (h)

2.00 + 0.86
(0.23, 5.55 h)

1.99 + 0.62
(0.88, 3.63 h)

0.95

Table 6.1: Patient characteristics (mean + standard deviation (range))

Surgical Procedure

Control (%)

Dexmedetomidine (%)

Arterial Switch

9.65

7.32

ASD / VSD closure

25.44

39.02

AV Canal repair

4.39

9.76

Aortic / Mitral valve
repair

15.79

17.07

BD Glenn

8.77

9.76

Fontan

9.65

2.44

Tet Repair

13.16

7.32

Other

13.16

7.32

Table 6.2: Surgical type per group. ASD, atrial septal defect; VSD, ventricular septal defect; AV, atrioventricular; BD Glenn, Bi-directional Glenn; Tet, Tetrology of Fallot; Other includes: conduit replacement,
left ventricular outflow tract reconstruction, right ventricular outflow tract repair, pulmonary valve homograft,
aortic valve homograft.

6.3.1. Sedation

Diazepam (mg.kg-1) administration over the 12 h studied did not show a difference between
groups (p=0.34) (Table 6.3, Figure 6.1). No difference between groups was found when
analysed in 6 h epochs (Table 6.3).
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Diazepam (mg.kg-1)

Mean

SD

Control

0.38

0.54

Dexmedetomidine

0.29

0.60

Control

0.22

0.29

Dexmedetomidine

0.16

0.33

Control

0.16

0.34

Dexmedetomidine

0.13

0.32

P value

95% CI

0.34

-0.10,
0.30

0.24

-0.04,
0.17

0.61

-0.90,
0.15

12h Total

First 6h

Second 6h

Table 6.3: Diazepam administration per group.

0.50
0.45

Diazepam (mg.kg-1 )

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
Control

Dexmedetomidine

Figure 6.1: Mean (SE) diazepam requirements for the 12 h study period (p=0.34)

6.3.2. Analgesia

There was a reduction in the amount of morphine (mg.kg-1) administered during the total 12 h
study period (p=0.04). This reduction was pronounced during the first 6 h after admission
into PICU (p=0.02) (Table 6.4, Figure 6.2 and Figure 6.3). No difference was found between
the groups in the second 6 h period after admission into PICU.
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Morphine (µg.kg-1)

Mean

SD

Control

219.11

98.75

Dexmedetomidine

185.64

56.16

Control

112.39

51.58

Dexmedetomidine

92.20

33.88

Control

106.72

58.76

Dexmedetomidine

93.45

35.82

P value

95% CI

0.04

1.24, 65.70

0.02

3.07, 37.31

0.18

-6.05, 32.60

12h Total

First 6h

Second 6h

Table 6.4: Morphine administered per group
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250

Morphine (µg.kg -1)

200

150

100

50

0
Control

Dexmedetomidine

Figure 6.2: Mean (SE) morphine requirements for the 12 h study period (p=0.04)

140

Morphine (µg.kg-1)

120
100
80
60
40
20
0
Control

Dexmedetomidine

Figure 6.3: Mean (SE) morphine requirements for the first 6 h of the study period (p=0.02).
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6.3.3. Mechanical ventilation

Time on mechanical ventilation was similar between groups (P=0.811, 95% CI -4.1, 5.2).
Mean (SD) time on ventilator was 15.35 (13.41) and 14.83 (11.39) for the control and
dexmedetomidine groups, respectively (Figure 6.4).

Time on mechanical ventilation (hours)

18
16
14
12
10
8
6
4
2
0
Control

Dexmedetomidine

Figure 6.4: Time on mechanical ventilation, mean (SE (p=0.81)).

6.4. Discussion
In this study, no significant difference was found in postoperative sedative (diazepam)
administration or time on mechanical ventilation between groups. Postoperative analgesic
(morphine) administration was reduced in the dexmedetomidine group for the 12 h study
period (p=0.04) compared to the control group. This difference was more pronounced in the
first 6 h of the study (p=0.02). Dexmedetomidine has been reported to reduce analgesic and
sedative requirements in the postoperative period in adult patients (88, 90, 99, 276) and
children (116, 124, 277). Reductions of morphine use by up to 80% have been reported with
dexmedetomidine in adults (88). Tobias et al have reported that a continuous infusion of
dexmedetomidine at 0.25 µg.kg-1.h-1 is approximately equivalent to 0.22 mg.kg-1.h-1 of
midazolam when measured by the Ramsay sedation scale (Chapter 1, Table 1.7) and
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bispectral index (BIS) monitoring (116). The major limitation of this study is that it was not
randomised, increasing the risk of bias.
No difference in postoperative sedative (diazepam) administration was found when those
children who received dexmedetomidine were compared with those who did not. There are a
number of possible reasons why little sedative sparing effects were seen. Firstly, a single
bolus dose of dexmedetomidine was administered and not a continuous infusion. Those
studies that report a significant sedative effect all used a dosage regimen consisting of a
loading dose followed by a continuous infusion (116, 277). When first admitted to the PICU
after surgery, the patients were still under the effects of the anaesthetic agents used during
surgery. These residual effects of anaesthesia may have masked any sedative effects seen
from a single bolus dose of dexmedetomidine; by the time the anaesthetic effect had worn
off, the effect of the dexmedetomidine bolus had possibly also diminished, given the short
T1/2β that is reported in Chapter 2. If a continuous infusion of dexmedetomidine had been
used, then when the residual anaesthetic effects had worn off, the dexmedetomidine plasma
concentrations may still have had sedative effects. Secondly, nursing observation charts were
used to record diazepam administration over the 12 h study period. Although standard
sedation scales exist in the PICU to help nursing staff assess the patients’ analgesic and
sedative requirements, they are not routinely used in this unit. Nursing staff often prefer to
administer sedatives based on clinical experience. Clinical judgement and experience among
nursing staff varies and the use of an objective sedation scale may have resulted in improved
titration of drug to target sedation level with reduced administration in those children
receiving dexmedetomidine.
A single bolus dose of dexmedetomidine appears to be effective in reducing postoperative
analgesic requirements. Overall, there was a 15.5% reduction in the amount of morphine
administered over the 12 h study period in the dexmedetomidine group compared to the
control group, and an 18% reduction during the first 6 h after dexmedetomidine
administration. Both of these results were significant (p=0.04 and p=0.02, respectively) but it
is unclear what their practical significance is. The 95% confidence interval of the difference
of the means for the total 12 h analysis (1.23, 65.70) is wide. The difference between the
dexmedetomidine and control groups may be as small as 1.23 µg.kg-1 or as large as 65.70
µg.kg-1. The 95% confidence interval for the first 6 h is similarly wide (3.07, 37.31).

A

difference of 1.23 µg.kg-1 in morphine administration over 12 h is of little clinical
significance. Overall administration of morphine in the postoperative period will also be
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affected by the effects of residual anaesthesia, the lack of objective sedation or pain scales
that were discussed above. Further studies, with larger sample sizes are required to determine
the magnitude of the analgesic sparing effect of dexmedetomidine.
One of the reasons dexmedetomidine is becoming increasing popular as a postoperative
sedative agent is that it is reported to have little or no impact on respiration (118, 278, 279).
Accordingly

one

would

expect

earlier

extubation

times

in

children

receiving

dexmedetomidine. No difference in time on mechanical ventilation was found. Local PICU
practice will have a marked impact on the duration of intubation. For example, extubation
may be delayed overnight because of the inexperience of rostered medical staff or because
further surgical procedures (e.g. chest drain removal) are required after a preset time.
Extubation decisions may be determined by medical consultation during ward rounds, which
are at set times.
When designing this study, no formal power calculation was completed for the expected
difference in these pharmacodynamic effects. The use of power calculations during the
planning of a study allows for the calculation of the required sample size to achieve adequate
power to detect an effect. When a priori power analyses have not been calculated post hoc
power analyses are frequently completed. Post hoc power analyses are based on the observed
difference between groups and are unhelpful because it will always show low power (<50%)
for a non significant result (280), thereby suggesting that any study that did not achieve a
significant result was underpowered. Post hoc power estimates also ignore that fact that once
the study is complete the actual estimates and variances are now available. The confidence
interval calculated from the variance indicates the range in which the true mean or value is
likely to lie (281). Confidence intervals provide more information about variability and aid
in the interpretation of the results.
This study suggests that a single bolus dose of dexmedetomidine produces a reduction in total
morphine requirement over a 12 h period, but not a reduction in sedative requirements.
While this reduction in morphine requirement during the first 6 postoperative hours is
consistent with the elimination half-life of 2 h, the clinical significance of these results is
unclear. These results should be confirmed in a randomised, double-blind study designed to
examine the analgesia and sedative sparing effects of dexmedetomidine in children after
cardiac surgery. The short elimination half-life implies that infusion data are likely to have a
greater impact on concomitant sedative and analgesic requirements.
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7.1. Introduction
The effect of dexmedetomidine on blood pressure is discussed in Chapter 1.

Briefly,

dexmedetomidine has opposing effects on blood pressure; increased systemic vascular
resistance produces an increase in blood pressure though activation of peripheral alpha-2B
adrenoceptors (66), and sympatholysis that results in a decrease in blood pressure through
activation of alpha-2A adrenoceptors in the central nervous system.(2).

The central

sympatholytic effect overrides the peripheral vasoconstrictive effect at clinically used doses,
resulting in an overall decrease in blood pressure.

However, rapid administration of

dexmedetomidine may result in transient hypertension that can be attenuated by infusing
dexmedetomidine slowly, over at least 10 min (282). While mean arterial blood pressure is
lower in children than adults, a transient hypertensive response has been reported in children
undergoing electrophysiological studies (121).

Relationships between dexmedetomidine

plasma concentration and these hemodynamic effects have been reported in healthy adult
volunteers (42, 61, 87) but prior to the work described here there was no such data in
children.
The aim of the analysis detailed in this chapter was to define the relationship between
dexmedetomidine concentration and MAP in children who received single dose
dexmedetomidine as a sedative in PICU after cardiac surgery.

7.2. Methods
7.2.1. Study protocol

Participant recruitment, study drug administration, plasma sampling and dexmedetomidine
assay have been described in Section 2.2, Chapter 2.
Arterial blood pressure was monitored invasively in all cases. MAP was stored by a Solar
Monitor (GE Healthcare, Auckland, NZ) at five min intervals for the five hour period after
dexmedetomidine administration. MAP data were electronically downloaded directly into
Excel (Microsoft Corporation, USA, 2007)
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7.2.2. PKPD analysis

The pharmacokinetic and pharmacodynamic data were analysed simultaneously using
nonlinear mixed effects models (NONMEM VI, Globomax LLC, Hanover, MD, USA). The
NONMEM code is shown in Appendix F. A two-compartment (central and peripheral) linear
model was used for the pharmacokinetic data. The vasoconstrictor effect was related directly
to plasma concentration. An additional effect compartment was incorporated into the model
in order to describe the delayed sympatholytic response. An equilibration rate constant (Keo)
characterising the temporal relationship between effect compartment and plasma was
parameterized as an equilibration half-time (T1/2keo):
T1 / 2 keo =

Ln(2)
Keo

The relationship between MAP and concentration was described using a composite sigmoid
Emax model:
  E max ⋅ C N pos
pos

MAP = E0 +  
N pos

 EC50 pos + C N pos


  E max ⋅ Ce N neg
neg
−
  EC N neg + Ce N neg
50 neg
 



 


Where E0 is the baseline MAP, C is the concentration in the plasma, Ce is the concentration
in the sympatholytic effect compartment, Emaxpos is the maximum response for an increase in
MAP, EC50pos is the concentration producing 50% of Emaxpos, Npos is the Hill coefficient
defining the steepness of the concentration-response curve for an increase in MAP, Emaxneg
is the maximum response for a decrease in MAP, EC50neg is the concentration producing
50% of Emaxneg and Nneg is the Hill coefficient defining the steepness of the concentrationresponse curve for a decrease in MAP. A schematic representation of the mathematical
model is shown in Figure 7.1.
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Figure 7.1: Schematic representation of the original PKPD model for the concentration-effect relationship for
dexmedetomidine and blood pressure. A two-compartment linear disposition model was used to describe
dexmedetomidine pharmacokinetics. A composite sigmoid Emax model was used to describe
pharmacodynamics (E). Dexmedetomidine is administered intravenously into the central compartment (V1)
where it is distributed to a peripheral compartment (V2) through the inter-compartmental clearance (Q).
Dexmedetomidine is eliminated through systemic clearance (CL). The vasoconstrictive effect (Epos) is linked
directly to the plasma concentration. A effect compartment (Ce) was added to describe the delayed
sympatholytic response (Eneg). An equilibration rate constant (Keo) characterised the temporal relationship
between effect compartment and plasma.

The between-subject variability on model parameters was modelled by exponentiation of the
random effects (equivalent to assuming a log-normal distribution).
proportional term characterized the residual unknown variability.

An additive and a

The population mean

parameters, between-subject variance and residual variance were estimated using the first
order conditional interaction estimate method using ADVAN6 TOL5 (differential equation
solver) of NONMEM VI. Convergence criterion was three significant digits. A Compaq
Digital FORTRAN Version 6.6A compiler with Intel Celeron 333 MHz CPU (Intel Corp.,
Santa Clara, CA, USA) under MS WINDOWS XP was used to compile NONMEM.
The population parameter variability was modelled in terms of random effect (η) variables.
Each of these variables was assumed to have mean 0 and a variance denoted by ω2, that is
estimated. The covariance between two elements of η (e.g. EC50 and Emax) is a measure
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of statistical association between these two variables. Their covariance is related to their
correlation (R) i.e.
R=

cov ariance
2
ω EC
⋅ ω E2
50

max

The covariance of parameter variability was incorporated into the model.
Review of initial analyses showed that eight subjects had brief episodes of hypertension
where MAP increased more than 20% above baseline. These episodes could not be explained
by the initial vasoconstrictor effect of the drug, but were associated with nursing procedures
(e.g. endotracheal tube suctioning) and we made the assumption that such procedures were
associated with surges of a physiological vasopressor (e.g. noradrenaline released from
sympathetic nerves). Diazepam (0.05 to 0.1 µg.kg-1) was used by the nurses to ameliorate
this physiological response.
These physiological vasopressor responses (responsephys) were modelled by a unit bolus input
of an unspecified vasopressor substance into a compartment with first order elimination
described by a rate constant (Kvaso). Input duration (Durvaso ) was estimated as a parameter.
The vasopressor concentration (Cvaso) was assumed to immediately increase MAP and this
relationship was described with a linear relationship using a slope constant (slopevaso).
response phys = slopevaso ⋅ C vaso

Observed MAP was the sum of vasoconstrictor effect, negative sympatholytic effect and
physiological vasopressor response to nursing procedures: A schematic of the model is
shown in Figure 7.2.
  E max ⋅ C N pos
pos

MAP = E0 +  
N pos

 EC50 pos + C N pos


  E max ⋅ Ce N neg
neg
−
  EC N neg + Ce N neg
50 neg
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  + slope ⋅ C
vaso
vaso
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Figure 7.2: Schematic representation of the PKPD model for the concentration-effect relationship for
dexmedetomidine and blood pressure with vasopressor response. A two-compartment linear disposition model
was used to describe dexmedetomidine pharmacokinetics. A composite sigmoid Emax model was used to
describe pharmacodynamics (E). Dexmedetomidine is administered intravenously into the central compartment
(V1) where it is distributed to a peripheral compartment (V2) through the inter-compartmental clearance (Q).
Dexmedetomidine is eliminated through systemic clearance (CL). The vasoconstrictive effect (Epos) is linked
directly to the plasma concentration. A effect compartment (Ce) was added to describe the delayed
sympatholytic response (Eneg). An equilibration rate constant (Keo) characterised the temporal relationship
between effect compartment and plasma. Vasopressor response was included by adding another compartment
(Cvaso). The relationship between Cvaso and effect on MAP was described using a slope constant (slopevaso).

7.2.3. Quality of fit

Models were nested and an improvement in the objective function was referred to the Chisquared distribution to assess significance, e.g. a change in OBJ of 3.84 is significant at
α=0.05.

The quality of fit of the pharmacokinetic model to the data were sought by

NONMEM’s objective function and by visual examination of plots of observed versus
predicted concentrations. Bootstrap methods were used as a means to evaluate parameter
uncertainty (211). A total of 1000 simulations were used to estimate confidence intervals.
A visual predicted check (269), a modelling tool that estimates the prediction intervals and
graphically superimposes these intervals on observed data after a standardized dose, was
initially used to evaluate how well the model predicted the distribution of observed mean
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arterial pressures. This is an advanced internal method of validation (145, 283) and this
graphical method of presentation is considered better than standard plots showing observed
versus predicted correlation which is a basic internal method of validation (145, 283). For
data such as these where the dose and E0 is different for each patient, we implemented a
population prediction (PRED) corrected VPC (PC-VPC) for both the pharmacodynamic and
pharmacokinetic data (284). The 90% prediction intervals in a typical 1 year (10 kg) old
child were simulated with NONMEM using 1000 subproblems.

7.3. Results
Pharmacokinetic data were available from all 45 original children. Pharmacodynamic data
were available for analysis from 29 of the original 45 children due to difficulties downloading
data from the monitoring system The mean age of those children was 2.67 years (range 4
days-14 years) and a mean weight of 12.34 (range 3.4-48.4) kg. Patient demographic data are
shown in Table 7.1. All children included in this study received inotrope infusions (Table
7.1). Dopamine 5 µg.kg-1.min-1 was infused at this constant rate in all children and was not
altered over the 5 h study period. Four children received milrinone (0.25 µg.kg-1.min-1), one
child received noradrenaline (0.05 µg.kg-1.min-1) and one received adrenaline ( 0.05 µg.kg1

.min-1).

All infusion rates were constant throughout the study period.

Sedation was

provided using morphine 20 µg.kg-1.h-1 with intermittent diazepam (0.05 to 0.1 µg.kg-1) if
required.

All children received phenoxybenzamine (0.5 to 1 mg.kg-1), a non-specific

adrenergic alpha-antagonist, during surgery.
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Gender

Weight
(kg)

Type of Surgery

Dop

0.01

F

3.6

Arterial switch

5.0

0.02

F

3.4

Arterial switch

5.0

0.07

M

3.8

Arterial switch, VSD closure

5.0

0.17

F

4.0

ASD closure, aortic valve repair

5.0

0.23

M

4.4

AV canal repair

5.0

0.25

F

4.4

ASD, VSD repair

5.0

0.27

F

5.7

VSD closure, ROVT muscle resection

5.0

0.29

F

3.8

ASD closure, aortic arch repair

5.0

0.30

M

4.9

Glenn, artial septectomy

5.0

0.33

F

5.5

Glenn

5.0

0.36

F

4.2

VSD closure, RVOT resection

5.0

0.36

M

4.2

Tetralogy of Fallot repair

5.0

0.41

F

4.9

VSD closure, PDA ligation

5.0

0.44

F

6.3

Glenn and left pulmonary artery repositioning

5.0

0.51

F

5.5

VSD repair, PDA ligation

5.0

0.51

M

5.1

Glenn with left pulmonary artery repair

5.0

0.62

M

6.8

VSD closure

5.0

0.70

M

9.6

Tetralogy of Fallot repair

5.0

0.88

F

6.7

VSD closure, RVOT resection

5.0

Mil

Nor

Ad

0.25

0.25

0.05

0.25

0.05
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Age
(years)

Gender

Weight
(kg)

Type of Surgery

Dop

0.93

M

7.4

Tetralogy of Fallot repair

5.0

2.45

F

10.2

MV repair

5.0

2.71

M

13.3

AV canal repair

5.0

2.97

F

13.8

VSD repair, RVOT resection

5.0

5.69

M

19.9

AV canal repair

5.0

8.47

M

29.0

Pulmonary valve homograft

5.0

9.63

F

28.0

Sub aortic resection and MV repair

5.0

11.20

M

45.0

Aortic valve homograft insertion

5.0

12.12

F

48.4

Aortic valve homograft with annuloplasty

5.0

14.45

M

46.0

ASD closure

5.0

Mil

Nor

Ad

0.25

Table 7.1: Demographic data of children included in PKPD analysis, and inotropes administered. Dop, dopamine (µg.kg-1.min-1); Mil, milrinone (µg.kg-1.min-1); Nor,
noradrenaline (µg.kg-1.min-1); Ad, adrenaline (µg.kg-1.min-1); ASD, atrial septal defect; VSD, ventricular septal defect; RVOT, right ventricular outflow tract; AV, atrioventricular; PDA, patent ductus arteriosis. Inotrope infusion rates were not altered during the study period.
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Age
(years)
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There were 1715 observations available for the determination of the pharmacodynamic
analysis and the final consequent parameter estimates are shown in Table 7.2 and Table 7.3.

Parameter

Estimate

%BSV

95% CI

E0 (mmHg)

60.7

14.53

55, 65.8

Emaxpos (mmHg)

50.3

44.50

31.0, 74.3

EC50pos (ng.ml-1)

1.1

48.27

0.59, 1.3

Hillpos

1.65

-

1.10, 3.54

12.3

37.01

9.01, 19.3

EC50neg (ng.ml )

0.10

104.40

0.073, 0.214

Hillneg

2.35

-

1.65, 3.7

T1/2keo (min)

9.66

165.23

7.38, 25.02

T1/2 vaso (min)

23.4

61.32

10.5-60.6

Durvaso

0.073

92.84

0.029, 0.161

SLOPEvaso

14.5

27.87

12.6, 21.9

Err additive
(mmHg)

0.052

-

0.014, 0.063

Err proportional
(%)

5.36

-

4.82, 6.46

Emaxneg (mmHg)
-1

Table 7.2: Parameter estimates for an effect compartment concentration response relationship using a
composite Emax model (BSV is the between-subject variability, CI is the confidence interval) The rate constant
Kvaso is reported as a half time T1/2vaso.
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E0

Emaxpos

E0

1

Emaxpos

0.041

1

EC50 pos

0.080

-0.060

Emaxneg

EC50neg

Emaxneg

1

EC50neg

0.005

1

T1/2keo

0.296

-0.638

EC50 pos

1
T1/2keo

1

Table 7.3: The correlation of between-subject variability for pharmacodynamic parameters.

Examination of individual plots showed that eight children required implementation of the
physiological sympathetic model to improve fit. Typical plots showing MAP change with
time after dexmedetomidine dosing are shown in Figure 7.3. The use of this physiological
sympathetic model decreased the objective function by 572.33. Pharmacokinetic parameter
estimates are shown in Table 7.4 and Table 7.5 alongside those from a larger pooled analysis.
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Figure 7.3: Two typical plots showing the MAP changes with time after dexmedetomidine dosing. Observations
are shown as inverted triangles. The individual Bayesian prediction is shown as a bold line, the population
prediction is shown as a unbold line. The top graph is of a patient without surges of sympathetic activity related
to nursing interventions. The bottom graph shows a patient with dramatic changes in MAP. Arrows indicate
the beginning of physiological sympatholytic response.
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Parameter

Current analysis

Previous analysis (49)

Pooled analysis (51)

n= 45 (95% CI)

n=45 (95% CI)

n= 95 (95% CI)

CLstd (l.h-1.70kg-1)

39.2 (37.2, 44.2)

39.2 (32.7, 46.6)

42.1 (38.7, 45.8)

V1std (l.70kg-1)

48.9 (42.7, 57.9)

36.9 (21.7, 68.1)

56.3 (44.5, 67.4)

86.2 (56.9, 99.8)

69.9 (36.3, 89.1)

78.3 (50.7, 98.4)

V2std (l.70kg )

71.9 (61.7, 83.6)

68.2 (52.2, 79.9)

69 (57.5, 80.3)

TM50 (weeks)

44.6 (32.5, 50.5)

46.5 (35, 55.5)

44.5 (36.8, 50.3)

N

2.66 (1.09, 3.35)

2.78 (1.13, 4.52)

2.56 (1.65, 3.78)

-1

-1

Qstd (l.h .70kg )
-1

Table 7.4: Pharmacokinetic parameter estimates for dexmedetomidine after a single intravenous dose (1-4
µg.kg-1), compared to pharmacokinetic parameter estimates from a pure PK analysis of the same patients (49)
and a larger pooled analysis(51).

CL

V1

CL

1

V1

0.110

1

Q

0.105

-0.191

V2

-0.070

0.599

Q

V2

1
-0.706

1

Table 7.5: The correlation of between-subject variability for pharmacokinetic parameters.

The PC-VPC plots comparing the distribution of simulated data with the observed data,
normalised

by

typical

population

prediction,

for

pharmacokinetics are shown in Figure 7.4 and Figure 7.5.
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Figure 7.4: Population prediction corrected visual predictive checks (PC-VPC) for mean arterial blood
pressure. The dashed black lines present the 5th and 95th percentiles and the solid black line depicts the model
predicted median. The shaded grey area depicts the range between the 5th and 95th percentiles of the simulated
medians, which reflects the uncertainty range in the median of the observations. Observed data for the 90%
prediction interval and median are shown as closed circles.
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Figure 7.5: Population prediction corrected visual predictive checks (PC-VPC) for dexmedetomidine PK. The
dashed black lines present the 5th and 95th percentiles and the solid black line depicts the model predicted
median. The shaded grey area depicts the range between the 5th and 95th percentiles of the simulated medians,
which reflects the uncertainty range in the median of the observations. Observed data for the 90% prediction
interval and median are shown as closed circles.

Blood pressure increases with age (285, 286) and we anticipated that E0, Emaxpos and
Emaxneg would change with age or weight. We were unable to demonstrate such trends in
our cohort of patients (Figure 7.6 and Figure 7.7).
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Figure 7.6: Relationship between age and E0, Emaxneg and Emaxpos. Crosses represent E0, solid circles
represent Emaxpos and outlined circles represent Emaxneg. There are no significant trends in these values with
age.
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Figure 7.7: Relationship between weight and E0, Emaxneg and Emaxpos. Crosses represent E0, solid circles
represent Emaxpos and outlined circles represent Emaxneg. There are no significant trends in these values with
weight.
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The individual vasoconstrictive and sympatholytic Emax models are shown graphically in
Figure 7.8. Figure 7.9 shows the combined effect of the composite Emax model on MAP.
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Emax neg =12.3
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Figure 7.8: Composite Emax model, showing hyper- and hypotensive effect of dexmedetomidine on mean
arterial blood pressure.
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Figure 7.9: Combined hyper- and hypotensive effect of dexmedetomidine on mean arterial blood pressure. Adult
predictions from Ebert et al (87) are superimposed on paediatric predictions. The solid arrow indicates the
concentration at which the hypertensive effect begins; the dashed arrow indicates the concentration producing a
20% increase in MAP from baseline.

7.4. Discussion
Dexmedetomidine produced a biphasic effect on mean arterial blood pressure when
administered as a bolus over 10 min to children after cardiac surgery in the PICU. These
hemodynamic changes were characterised by a composite sigmoid Emax model (Figure 7.8)
(287).

Polynomial or cosine functions could be used to describe these data but those

functions lack physiological meaning. Interpretation of these MAP changes was complicated
by the vasopressor response associated with nursing procedures, which disappeared quite
rapidly with a typical population half life of 23 min.
The sympatholytic effect was delayed temporally to plasma concentration. This delay can
occur at the biophase distribution, biosensor process or biosignal transduction stages. The
delay was modelled at the biophase distribution stage, consistent with data from Furchgott
who introduced the biophase (effect compartment) concept for vascular smooth muscle (288).
Others have used two effect compartments in a linear combination to produce overall effect
for morphine analgesia (289), as the current analysis attempts.
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approach involved a mechanism where sympathetic output is reduced within the brain and
there is a delay of drug reaching brain from plasma.
An alternative approach is to use indirect response (turnover) models (290) that target the
biosensor or biosignal transduction stages. These mechanism based models are appropriate
when the response variable reflects “production” and “loss” of some physiological mediator.
The turnover of noradrenaline at the synapse could be considered as part of the MAP
response but it is not the only component in the delay processes and the slow disappearance
of the pressor response with a half-life of 23 min is not typical of synaptic turnover (seconds).
The pharmacological effect of dexmedetomidine is a sum of the two effects induced by
receptor activity of two opposing systems (56); the rapid peripheral vasoconstrictive effect
producing a transient increase in blood pressure and the delayed sympatholytic effect
producing a decrease in blood pressure. These individual effects contribute to the total effect,
which has been described at steady-state dexmedetomidine concentrations in volunteer adults
(61). A lower nadir of 0.25 ng.mL-1 was observed than seen in adult volunteers (0.94 ng.mL1

) (61). This may be attributable to a different population rather than altered physiological

responses between adult and child (291).
Pharmacokinetic parameter estimates from this analysis are similar to those previously
published for these same patients (Table 7.4 and Table 7.5). The use of an integrated PKPD
model yields slightly different pharmacokinetic parameter estimates from a pure
pharmacokinetic analysis because pharmacodynamic data have an effect on those
pharmacokinetic parameter estimates during a simultaneous analysis.

However, current

pharmacokinetic estimates are encompassed by the confidence intervals for this early analysis
(49) and for a larger pooled data analysis (n=95).
Results are consistent with suggestions that the initial and transient increase in MAP seen
with bolus dosing is due to high plasma concentrations (22, 24), before distribution to the
central nervous system (CNS). The central sympatholytic effect appears to reach maximum
effect and begins to be overridden by peripheral vasoconstrictive effects at plasma
concentrations above 2.35 ng.mL-1 in adults (56, 87). These data are supported by studies in
postoperative adult patients where no increase in blood pressure was observed, provided
plasma concentrations did not exceed 0.7 ng.mL-1 (42, 292). Figure 7.9 indicates that a
plasma concentration of above 0.5 ng.mL-1 produces an increase in mean arterial blood
pressure above baseline, and a plasma concentration of above 1.0 ng.mL-1 is associated with
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an increase in blood pressure above 20% from baseline in our paediatric postsurgical
population. This gives credence to the use of a target concentration of 0.4-0.8 ng.mL-1 (293)
that is not associated with clinical blood pressure changes (294).
Management of children in the PICU after cardiac surgery includes the use of vasoactive
medications that render concentration-response relationships applicable only to the current
study population. Diazepam, commonly used to combat sympathetic responses to various
clinical interventions, produces a decrease in blood pressure by some CNS action while
mirinone is a direct vascular vasodilator and phenoxybenzamine is a noradrenergic receptor
antagonist.

These hypotensive drugs may blunt the vasoconstrictor effects of

dexmedetomidine seen in this subpopulation, while inotropes use may have an impact on the
observed vasodilator response. Changes in MAP are reported as absolute values rather than
percent changes from baseline to avoid confounding of baseline measurement error with
subsequent measurements. The correlation of baseline MAP with the subsequent response is
captured by the random effects shown in Table 7.3.

The hemodynamic effects of

dexmedetomidine, however, did follow a similar trend to that seen in adults. No change in
E0 (MAP at start of study) was observed with age. Hemodynamic effects in children sedated
for radiological procedures may be different from values estimated in this cardiac population.
Standard errors associated with structural parameters could not be estimated because of
numerical problems with NONMEM. It should be remembered that these standard errors
reported by NONMEM are asymptotic estimates and are of only limited value for support of
the precision of the estimates. Bootstrap methods were used to determine 95% CI instead.
Following a single bolus dose of dexmedetomidine administered to children in the PICU after
cardiac surgery, there is a biphasic effect on blood pressure. This biphasic effect was seen
regardless of other inotropes and hypotensive agents, but the response magnitude may be
masked by these medications. Increasing bolus doses produced a greater transient increase in
MAP.

The cohort studied is limited to children after cardiac surgery in the paediatric

intensive care.

When dexmedetomidine was administered to children for sedation for

radiological imaging, no such biphasic response was seen. Mason et al (273) investigated
haemodynamic changes in 250 children (age range 0.1 to 10.6 years) who received an initial
bolus of 2 µg.kg-1 over 10 min followed by a maintenance infusion of 1 µg.kg-1.h-1

They

report that during the bolus and infusion there were both increases and decreases in mean
arterial blood pressure, but with the majority of patients showing an overall decrease in blood
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pressure (67% and 66% of patients showed a decrease in blood pressure from baseline during
the bolus and infusion, respectively). When administered to children after cardiac surgery, it
is suggested that dexmedetomidine should be given as a small loading (0.5µg.kg-1) dose
followed by a continuous infusion to reduce fluctuations in MAP.
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8.1. Introduction
Dexmedetomidine is primarily used as a sedative agent, but the concentration providing
maximal sedation and analgesia with minimal adverse effects is poorly described, especially
in children. Plasma concentration provides a link between the dose and effect (295). Once
the target concentration is defined it will become possible to suggest dosage regimens in
different aged children based on the pharmacokinetic knowledge (presented in Chapter 2 and
Chapter 5) and adverse effect information (blood pressure responses presented in Chapter 7).
The aim of the analysis discussed in this chapter is to:
1.

identify the target concentration that provides sedation and analgesia with
minimal effects on blood pressure, and

2.

suggest a dosage regimen to achieve this target concentration in neonates,
infants, children and adults.

8.2. Methods
A literature search was performed to identify the target concentration for sedation and
analgesia with minimal changes in haemodynamics or blood pressure in both adult and
paediatric patients. Where no plasma concentration data were found, dosing data were
recorded and target concentration determined by simulation.
8.2.1. Simulation

Simulations of mean concentration-time profiles were performed using Berkeley MadonnaTM
modelling and analysis of dynamic systems software (Robert Macey and George Oster of the
University of California, Berkeley, CA, USA). This program is a general purpose differential
equation solver for constructing mathematical models.
A two-compartment (central and peripheral) first order elimination linear model was used.
The model had the following parameters: clearance (CL), central volume of distribution (V1),
inter-compartmental clearance (Q) and peripheral volume of distribution (V2). The amount
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(A) of drug in a compartment is defined as concentration (C=A/V). RATEIN describes drug
input into the central compartment.
The following differential equations were used:
!4 %/ = 5678 + 9 : − 4 ! + :%
!9 %/ = :!4 − 9 %
8.2.2. Pharmacokinetic parameter estimates

No pharmacokinetic parameter estimates were reported along with pharmacodynamic data in
the literature. Pharmacokinetic population parameter estimates from the pooled analysis
described in Chapter 5 were used for:
1.

simulation to determine both the target concentrations based on reported
dosing, and

2.

for the subsequent determination of dosage regimens in children for
procedural sedation.

The pharmacokinetic parameter estimates for the determination of dosage regimens in
children after cardiac surgery were those reported for children after cardiac surgery in
Chapter 2.

8.3. Results
8.3.1. Determination of target concentration
8.3.1.1. Sedation

There are few data describing a target concentration for dexmedetomidine sedation in adults,
and fewer still in children. A literature search found the following adult studies:
•

Hsu et al. (278) documented the sedative effect of increasing plasma concentrations
of dexmedetomidine in six healthy male volunteers.

The level of sedation was

assessed using the Observer Assessment of Alertness/Sedation Scale (OAA/S Sum)
where a score of 9 is completely unresponsive and a score of 20 is awake.

Plasma

dexmedetomidine concentrations of 0.67 and 1.72 ng.mL-1 provided sedation but
patients were rousable (OAA/S scores of 16 and 13, respectively). Deep hypnosis
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was achieved at plasma concentrations of 2.81 and 3.80 ng.mL-1 (OAA/S scores of
10).
•

Morrison et al (102) found dose-dependent sedation for dexmedetomidine in 73
healthy adult volunteers. Patients who had a dexmedetomidine plasma concentration
of 0.6 or 1.25 ng.mL-1 had deeper and longer sedation than those with a plasma
concentration of 0.3 ng.mL-1.

•

Ebert et al (87) reported that the level of sedation increased with increasing plasma
dexmedetomidine concentration

in

10

healthy adult

volunteers.

Plasma

concentrations of 0.7, 1.2 and 1.9 ng.mL-1 was associated with a 36, 62 and 75%
increase in sedation from baseline, respectively. Plasma concentrations of 8.4 and
14.7 ng.mL-1 were associated with OAA/S scores of 10 and 9, respectively, indicating
deep hypnosis.
These adult volunteer data suggest that for ‘rousable’ sedation, a target concentration of
between 0.67 and 1.2 ng.mL-1 is required. For deeper sedation, where the patient cannot be
roused, a concentration of over 2.8 ng.mL-1 is required. There are no concentration-effect
data available for sedation in adult ICU patients; the concentration required for adequate
sedation may differ in this population due to pathology and clinical interventions.
No target concentration data were available for dexmedetomidine sedation in paediatric
patients. The following studies describe dosage regimens that provide adequate sedation in
the PICU. “Adequate sedation” is often a moving target but, for the purposes of the studies
described below, is defined as the level targeted by clinical staff to maintain comfort, reduce
agitation and tolerate clinical treatment.
•

Tobias et al (116) described a randomised controlled trial where 30 mechanically
ventilated children received either midazolam or dexmedetomidine for intensive care
sedation.

They report a constant infusion of 0.68 µg.kg-1.h-1 dexmedetomidine

provided adequate sedation in this cohort.
•

Chrysostomou et al (127) reported an average dexmedetomidine infusion of 0.30
µg.kg-1.h-1 provided adequate sedation in a retrospective case series of 38 children
admitted to the PICU after cardiothoracic surgery.

•

Carroll et al (296) performed a retrospective case series of 60 children in the PICU.
The average dose required to maintain adequate sedation was 0.7 µg.kg-1.h-1.
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Using these data, the concentration at which adequate sedation was achieved in paediatric
intensive care patients was simulated. It was assumed that these simulated concentrations
approached target concentration at steady state.

Figure 8.1 shows the simulated

concentration-time profile for the dosage regimens described above. These data suggest that
a plasma dexmedetomidine concentration of 0.5 to 1.2 ng.mL-1 is required to provide sedation
for children in the ICU.
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Figure 8.1: Simulated concentration-time profile after three doses for dexmedetomidine from the literature
reported to produce adequate sedation in children in the ICU. Solid black line – 0.7 µg.kg-1.h-1 (296); dashed
black line – 0.68 µg.kg-1.h-1 (116); solid grey line – 0.30 µg.kg-1.h-1 (127).

Out of the ICU, dexmedetomidine target concentration data are also lacking. A retrospective
review of 747 consecutive patients who received dexmedetomidine as the sole sedative agent
for radiological imaging was conducted by Mason et al (274). This study compared three
dexmedetomidine dosage regimens: dose 1 – bolus dose 2.0 µg.kg-1, infusion rate 1.0 µg.kg1

.h-1 (n=416); dose 2 – bolus dose 3.0 µg.kg-1, infusion rate 1.5 µg.kg-1.h-1 (n=164); and dose

3 – bolus dose 3.0 µg.kg-1, infusion rate 2.0 µg.kg-1.h-1 (n=167).

The high dose of

dexmedetomidine (dose 3) provided better sedation than doses 1 or 2, with only 2.4% of
patients who received dose 3 requiring phenobarbital to complete the scan, compared to 8.2%
and 10.4% of patients who received dose 1 and 2, respectively.

This high dose

dexmedetomidine regimen was simulated using the population pharmacokinetic parameters
described in Chapter 5 and the concentration-time profile is shown in Figure 8.2. These data
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suggests that a plasma concentration of approximately 2.5 ng.mL-1 is required to provide
sufficient sedation for radiological imaging when used as the sole sedative agent.
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Figure 8.2: Simulated concentration-time profile after a 3.0 µg.kg-1 bolus over 10 min, followed by an infusion
of 2.0 µg.kg-1.h-1 for one hour reported to provide sedation for radiological imaging (274).

8.3.1.2. Analgesia

The analgesic effects of dexmedetomidine have yet to be adequately quantified. In fact,
debate still exists as to whether there are any analgesic effects of dexmedetomidine (see
Chapter 1, section 1.3.3.1).

Data on the concentration-effect relationship for

dexmedetomidine and analgesia is limited to studies in adult volunteers. No concentration
data were available for postoperative adult patients. Adult volunteer data are described
below:
•

Ebert et al (87) demonstrated that the analgesic effect to the cold-pressor test
increased with increasing dexmedetomidine plasma concentrations in healthy adult
volunteers. At plasma concentrations of 0.7 ng.mL-1 there was a 14% decrease in
VASpain to the cold-pressor test and that VASpain scores decreased linearly with
increasing dexmedetomidine plasma concentration (87).

•

Cortinez et al (103) found that there was no difference in the analgesic effect of
dexmedetomidine after heat stimulus at plasma concentrations of 0.67 and 1.72
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ng.mL-1, suggesting a possible ceiling effect in analgesic effect in healthy adult
volunteers.
Concentration-effect data are also lacking in paediatric patients.

Tobias et al (116)

compared dexmedetomidine to midazolam for intensive care sedation. They noted that an
average infusion rate of 0.28 µg.kg-1.h-1 dexmedetomidine over 21 h produced a 25%
reduction in the total morphine required, compared with a 62% reduction in those children
who received an average infusion of 0.68 µg.kg-1.h-1 over the same time period. Simulation,
using the population pharmacokinetic parameters described in Chapter 5, show that these
infusions are associated with steady state plasma concentrations of approximately 0.4 and 1.2
ng.mL-1, respectively (Figure 8.3).

Based on this simulation, a target concentration to

achieve analgesic sparing effects (>50%) in the postoperative period in children is
approximately 1.2 ng.mL-1
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Figure 8.3: Simulated concentration-time profile for two dosage regimens reported to produce a reduction in
postoperative analgesic requirements. Black line - 0.68 µg.kg-1.h-1, Grey line – 0.28 µg.kg-1.h-1.
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8.3.1.3. Blood pressure

Similar to that described above for analgesia, no concentration-effect relationship has been
described in the literature for dexmedetomidine and change in blood pressure in adult
patients, but plasma concentrations have been reported along with haemodynamic data for
healthy volunteers:
•

Data from Bloor et al (61) show that a dexmedetomidine plasma concentration of 2.35
ng.mL-1 is associated with an 8% increase in blood pressure from baseline, but that a
plasma concentration of 0.94 ng.mL-1 is associated with a 6% decrease in blood
pressure from baseline.

•

Ebert et al (87) report a 13% decrease in mean arterial blood pressure from baseline at
plasma concentrations of 0.7 and 1.2 ng.mL-1. At a plasma concentration of 1.9
ng.mL-1, mean arterial blood pressure is still reduced but only by approximately 4%.
An increase in mean arterial pressure was seen at plasma concentrations over 3.2
ng.mL-1.

Despite a paucity of concentration-effect data in adult patients, the concentration-effect
profile for haemodynamic change has been reported in paediatric cardiac patients:
•

In Chapter 7 (122) the haemodynamics of dexmedetomidine in children after cardiac
surgery was examined. Mean arterial blood pressure begins to increase at a plasma
concentration of 0.55 ng.mL-1, and a plasma concentration of 1.0

ng.mL-1 is

associated with a 20% increase in mean arterial pressure from baseline.
Several studies have also reported the change in blood pressure after dexmedetomidine
administration to children in a number of different clinical situations:
•

Hammer et al (121) studied a dosage regimen of 1 µg.kg-1 over 10 min followed by a
continuous

infusion

of

0.7

µg.kg-1.h-1

electrophysiology studies and ablation.

in

children

undergoing

cardiac

They report that this dose produced a

significant increase in blood pressure from baseline 10 min after the beginning of
dosing and that this increase continued at 20 min. Simulation of this dosage regimen
indicates that at a plasma concentration of 0.85 ng.mL-1 dexmedetomidine
administration is associated with an increase in blood pressure (Figure 8.4)
•

Koroglu et al (117) report that dexmedetomidine administered as a loading dose of
1.0 µg.kg-1 over 10 min followed by a maintenance dose of 0.5-0.7 µg.kg-1.h-1 for
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sedation for MRI studies is associated with a decrease in blood pressure compared to
baseline. This decrease in blood pressure was not considered clinically significant as
blood pressure remained within 20% of baseline.

Simulation of these dosage

regimens suggests that plasma dexmedetomidine concentrations of 1.0 ng.mL-1 are
associated with a decrease in mean arterial blood pressure (Figure 8.5).
•

Mason et al (273) administered a 2.0 µg.kg-1 bolus of dexmedetomidine followed by a
maintenance infusion of 1.0 µg.kg-1.h-1 for sedation during CT imaging. They report
that this dosage regimen was associated with an overall decrease in blood pressure,
although within clinically accepted norms.

Simulation of this dosage regimen

suggests that plasma concentrations of approximately 1.5 ng.mL-1 (Figure 8.6) are
tolerated in this setting.
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Figure 8.4: Simulated concentration-time profile for a dosage regimen of 1.0 µg.kg-1 loading dose over 10 min
followed by continuous infusion of 0.7 µg.kg-1.h-1 for 10 min reported by Hammer et al (121) to produce an
increase in blood pressure after cardiac electrophysiological studies and ablation.

144

Chapter 8: Simulation to Predict Dosage Regimens in Paediatric Patients

1.2

Concentration (ng.mL-1 )

1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

1.0

Time (hours)
Figure 8.5: Simulated concentration-time profile for two dosage regimens reported to produce a reduction in
blood pressure (117). Black line – 1.0 µg.kg-1 loading dose over 10 min followed by continuous infusion of 0.7
µg.kg-1.h-1, Grey line – 1.0 µg.kg-1 loading dose over 10 min followed by continuous infusion of 0.5 µg.kg-1.h-1.
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Figure 8.6: Simulated concentration-time profile for a 2.0 µg.kg-1 loading dose over 10 min followed by
continuous infusion of 1.0 µg.kg-1.h-1 reported by Mason et al (273) to produce a reduction in blood pressure.
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8.3.1.4. Target concentration

Table 8.1 describes the target dexmedetomidine plasma concentration to achieve sedation,
analgesic sparing and change in blood pressure.

The concentration associated with an

increase or decrease in blood pressure differs between children and adults, and also appears
to depend on the paediatric populations studied.

A target concentration of 1.5 ng.mL-1 is

suggested to provide maximal sedation and analgesia with minimal change in blood pressure
in children undergoing procedural sedation. For postoperative sedation of children after
cardiac surgery a target concentration of 0.6 ng.mL-1 is suggested.

Adult
Sedation
Analgesic sparing
BP Increase

Children

0.67 – 1.2 ng.mL-1

0.5 – 1.2 ng.mL-1 Cardiac
2.5 ng.mL-1

MRI

-1

-1

> 2.35 ng.mL

1.2 ng.mL

Cardiac

> 0.55 ng.mL-1

Cardiac

> 1.5 ng.mL-1

MRI

-1

BP Decrease

0.7 – 1.9 ng.mL-1

< 0.55 ng.mL

-1

< 1.5 ng.mL

Cardiac
MRI

Table 8.1: Target dexmedetomidine plasma concentration in adults and children, determined from the
literature or simulation of literature dosage regimens.

8.3.2. Determination of dosage regimens

A steady-state condition is achieved when the infusion (µg.kg-1.h-1) is the same as the product
of clearance (L.kg-1.h-1) at the desired target concentration. Steady state conditions may take
considerable time to achieve using a constant infusion for a drug with multiple compartments
and a loading dose is required to quickly achieve the target concentration.

A large

intravenous loading dose of dexmedetomidine will be associated with an initial increase in
blood pressure, so a balance between quickly achieving the desired target concentration and
minimising transient hypertension must be achieved.
Use of the same infusion rate in children of different ages will not achieve the same steadystate concentration (Figure 8.7). Age specific dosage regimens allow for close matching to a
target concentration.
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Figure 8.7: Concentration-time profile for a 1 µg.kg-1 loading dose over 10 min followed by a maintenance dose
of 0.7 µg.kg-1.h-1 in children of different ages.

8.3.2.1. Paediatric procedural sedation

From the data above, a target concentration of 1.5 ng.mL-1 was selected to provide maximal
sedation and analgesia with minimal effect on blood pressure.

This was achieved using a

loading dose of 1.2 µg.kg-1 h-1 over 10 min for all age groups with varying maintenance
infusion rates. Infusion rates to maintain a target concentration of 1.5 ng.mL-1 are shown in
Table 8.2 and concentration-time profiles shown in Figure 8.8.

Age

Weight (kg)

LD (µg.kg-1 h-1 over
10 min)

MD (µg.kg-1 h-1)

Neonate

3.5

1.2

0.83

6 months

7.5

1.2

1.16

1 year

10

1.2

1.27

5 years

20

1.2

1.22

10 years

32

1.2

1.10

Adult

70

1.2

0.90
-1

-1

Table 8.2: Dosage regimen based on a standard loading dose (1.0 µg.kg h over 10 min) and age adjusted
infusion rates targeting a dexmedetomidine plasma concentration of 1 ng.mL-1. Loading dose (LD),
Maintenance dose (MD).
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Figure 8.8: Concentration-time profile from simulated dosage regimen to achieve and maintain a plasma
concentration of 1.5 ng.mL-1.

8.3.2.2. Paediatric sedation after cardiac surgery

A target concentration of 1.0 ng.mL-1 in children after cardiac surgery was associated with an
average 20% increase in blood pressure from baseline (122). Simulated concentration-time
profiles of data from children undergoing cardiac electrophysiology studies and ablation also
suggest a lower threshold for hypertension.

Accordingly, a target concentration of 0.6

ng.mL-1 is suggested for sedation in children with cardiac pathology.
Simulation of a dosage regimen to achieve the target concentration of 0.6 ng.mL-1 was
conducted using the population pharmacokinetic parameters from Chapter 2.

A target

concentration of 0.6 ng.mL-1 was achieved using a standard loading dose of 0.5 µg.kg-1 h-1
over 10 min for all age groups with varying maintenance infusion rates. Infusion rates to
maintain a target concentration of 0.6 ng.mL-1 are shown in Table 8.3 and concentration-time
profiles shown in Figure 8.9.
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AGE

WEIGHT

LD (µg.kg-1 h-1 over
10 min)

MD (µg.kg-1 h-1)

Neonate

3.5

0.5

0.28

6 months

7.5

0.5

0.43

1 year

10

0.5

0.48

5 years

20

0.5

0.46

10 years

32

0.5

0.41

Adult

70

0.5

0.37
-1

-1

Table 8.3: Dosage regimen based on a standard loading dose (0.5 µg.kg h over 10 min) and age adjusted
infusion rates targeting a dexmedetomidine plasma concentration of 0.6 ng.mL-1. Loading dose (LD),
Maintenance dose (MD).
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Figure 8.9: Concentration-time profile from simulated dosage regimen to achieve and maintain a plasma
concentration of 0.6 ng.mL-1
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8.4. Discussion
There is a paucity of concentration-response data available for dexmedetomidine in both
adults and children. Knowledge of the concentration at which a drug produces an effect
allows for the determination of dosage regimens to take advantage of, or avoid, that effect.
The target concentration depends on the effect sought. The plasma concentration estimated
to be satisfactory for sedation and analgesia are similar in both adult and paediatric intensive
care patients (adult: 0.67 to 1.2 ng.mL-1; paediatric: 0.5 to 1.2 ng.mL-1, Table 8.1).
Difficulties in determining the analgesic effect of dexmedetomidine arise because of
complications in teasing out the intrinsic analgesic effect, if any, and the lessening of the
unpleasantness of pain through its sedative effects.

A target plasma concentration for

analgesia will therefore always be linked with that for sedation. When used as a sole agent
for procedural sedation, the target plasma concentration is twice that for paediatric ICU
sedation (2.5 ng.mL-1 versus 1.2 ng.mL-1, respectively). This may be due to decreased
requirements in the ICU due to concomitant medicines.
Differences exist in the target dexmedetomidine plasma concentration estimated to produce
an increase or decrease in blood pressure in differing paediatric populations. A plasma
concentration of greater than 0.55 ng.mL-1 is associated with an increase in blood pressure in
children after cardiac surgery (refer to Chapter 7). When administered as the sole procedural
sedative, this threshold increases to greater than 1.5 ng.mL-1.

This is possibly due to

differences in underlying pathology, or administration of other negative inotropic and
chronotrpic agents to children in the ICU.

These differences between populations warrant

different target concentrations for children after cardiac surgery and those undergoing
procedural sedation.
Chrysostomou et al (127) report that children under the age of 1 year require more
dexmedetomidine to achieve a similar level of sedation to that of children over 1 year of age.
In general, childrens’ responses to drugs have a common receptor, cellular and general
physiological basis to adults, irrespective of age or stage of development (291). Use of the
same infusion rate in children of different ages will not achieve the same steady-state
concentration (Figure 8.7). The clearance of dexmedetomidine is reduced in children under 1
year of age (approximately 40% of adult values at birth and 72% at 6 months of age, Chapter
2). This means that after the same infusion of a drug, a child under 1 year of age will have a
higher plasma concentration and that upon termination of the infusion it will take longer for
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the drug to be removed from the body (context sensitive half lives, Chapter 2, section 2.4). It
would therefore be sensible to assume that if the physiology affecting the pharmacodynamics
of dexmedetomidine was the same as in adults, then a child under 1 year of age would require
less drug, not more, to achieve the same effect. However, studies in animal models show that
alpha-2 adrenoceptor expression and function increases over the postnatal period (297, 298).
Consequently, the larger dose requirement in infants to achieve a similar level of sedation to
older children may be due to differences in pharmacodynamic response. Future studies
should focus on describing the PKPD profile of dexmedetomidine in children under 1 year.
Simulation allows for the determination of concentration from literature data, but any
simulation will only be as good as the information that is put into it. Accurate reporting of
drug dosage regimens and duration of infusions, pharmacokinetic parameters, and
pharmacodynamic endpoints are required but are often lacking in the literature.

When

reviewing the literature, a number of studies described intended dosage regimen and how
increases were made to this dose, but failed to report an average overall dose for the study
population. Pharmacokinetic parameters often need to be taken from other publications or
averaged across populations. Pharmacodynamic endpoints may be reported only in graphical
form and must be extrapolated. These issues all undermine the confidence of providing
accurate concentration-time profiles.
These simulations remain speculative. There remains a paucity of linked PKPD data in adults
and children. Animal studies suggest ontogeny of alpha-2 adrenoceptor expression and
function may change during development (297, 298), dictating a different target
concentration with age, but this has yet to be determined.
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9.1. Introduction
Dexmedetomidine is not approved for use in children, but it is being used in paediatrics,
increasingly often. Initially dexmedetomidine was administered primarily as a sedative, but
now use extends to applications such as preventing shivering and emergence delirium. This
increase in use has not been accompanied by a complete understanding of its
pharmacokinetic and pharmacodynamic profile in children.
In 1968 children were labelled ‘therapeutic orphans’ because (like infants) they were often
excluded from FDA approved indications (299). This situation does not appear to have
changed much for many drugs despite legislation designed to promote the inclusion of
paediatric indications. In 2003, Tan et al (300) reported that, of the approximately 1500
drugs used in children, only 19% have adequate dosing information for neonates and 28%
have adequate dosing information for children aged 6 to 12 years of age. Dosing of drugs in
children

is

usually

extrapolated

from

adult

studies,

but

the

pharmacokinetic,

pharmacodynamic and safety profiles of a drug in neonates, and infants, cannot be predicted
from adult data. Immature physiology, maturation and development may all alter a drugs
response in this cohort. Even older children have different physiology to that of adults and
therapeutic extrapolation is not always possible. The safe and effective dosing of a drug in
children

is

aided

by an

accurate understanding of the pharmacokinetics

and

pharmacodynamics of that drug in the population in which it is being used.
The aim of the work presented in this thesis was to describe the pharmacokinetic and
pharmacodynamic profile of dexmedetomidine in children of different ages, and to suggest
dosage regimens that provide maximum effect with minimal adverse effects.

9.2. Main findings
9.2.1. Pharmacokinetics

The pharmacokinetic profile of dexmedetomidine had been previously reported (45-47), but
these studies had small sample sizes or did not investigate changes in pharmacokinetic
parameters with age. It is well known that many physiological systems involved in systemic
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clearance are immature at birth but mature over the first few years of life (163, 165, 301-306)
and that age dependent changes in body composition can alter the volume of distribution
(218).

It is therefore important that the developmental pharmacokinetics of a drug are

described.
Non-linear mixed effect modelling was used to estimate population pharmacokinetic
parameters for dexmedetomidine.

All parameter estimates were standardised to a 70kg

person using allometric scaling, an approach that has a strong theoretical basis (140, 142) and
allows comparison between neonates and infants with adults. Pharmacokinetic parameter
estimates for children out of infancy (< 2 years of age) from the analysis of children after
cardiac surgery and a pooled data set are shown in Table 9.1. Clearance (CL) and the central
volume of distribution (V1) in children after cardiac surgery are slightly reduced compared to
the pooled pharmacokinetic analysis.

Cardiac analysis (49),
Chapter 2

Pooled analysis (51),
Chapter 5

39.2

42.1

V1 (L.70kg )

36.9

56.3

Q (L.h-1.70kg-1)

69.9

78.3

68.2

69.0

CL (L.h-1.70kg-1)
-1

-1

V2 (L. 70kg )

Table 9.1: Population pharmacokinetic parameter estimates from the analysis of children after cardiac surgery
and the analysis of the pooled data.

Both the pooled and the children after cardiac surgery analyses show dexmedetomidine
clearance increasing with age. The pooled analysis shows that clearance increases from 18.2
L.h-1.70kg-1 at birth in a term neonate to reach 86% of the mature value by 1 year of age.
This maturation profile (Figure 9.1) closely resembles those described for paracetamol and
morphine, which are also predominantly cleared through glucuronide conjugation. This is
also similar to glomerular filtration rate (GFR), a measure of kidney function, which also
matures over the first years of life (166). Phase two hepatic processes (e.g. UGT) convert
drugs into water soluble metabolites that can be eliminated through the kidneys. Maturation
of dexmedetomidine elimination may be slightly faster (TM50 = 44 weeks) than that of
paracetamol (TM50 = 52 weeks) or morphine (TM50 = 55 weeks) because of the contribution
of cytochrome P450 mediated metabolism.

CYP2A6 is reported to be the major CYP
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isoform involved in dexmedetomidine metabolism (36). The activity and expression of
CYP2A6 is similar to adult levels by 1 year of age (149). This work is supported by a recent
study of children aged 1 to 24 months who received dexmedetomidine as a continuous
infusion after cardiac surgery. The authors also reported that dexmedetomidine clearance
increased with age (50)

Figure 9.1: Clearance maturation, expressed as a percentage of mature clearance, of drugs in which
glucuronide conjugation plays a major role. Maturation parameter estimates were taken from Rhodin et al for
GFR (166), Anand et al for morphine (307), Anderson et al for paracetamol (146) and pooled pharmacokinetic
analysis for dexmedetomidine (51).

Clearance is reduced by 27% in children who received a continuous infusion of
dexmedetomidine after cardiac surgery compared to the population mean, but this was not
seen in children who received only a bolus dose after cardiac surgery. This is supported by
data from a subsequent study by Su et al who report that clearance decreased with increasing
time on cardiopulmonary bypass (50).

Further, the analysis of circadian variation on

dexmedetomidine clearance after a single bolus dose did not show any time-of-day effect, but
did show that clearance decreased with time since surgery.

Although the decrease in

clearance seen after prolonged infusion could be due to depletion of the substrates required
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for glucuronide conjugation, the overall reduction in clearance with time since surgery seen
both with prolonged infusion and a single bolus dose is likely due to changes in cardiac
output and post bypass hypermetabolism. Dexmedetomidine has a high intrinsic clearance;
blood clearance approaches liver blood flow. Dexmedetomidine clearance would therefore
be sensitive to changes in blood flow. Both cardiac output and oxygen consumption decrease
in the 12 h after cardiac surgery (231) thereby resulting in a reduction in clearance with time.
Adult data suggest that there is a negative concentration-dependent effect on cardiac output
and elimination: as the plasma dexmedetomidine concentration increases, clearance and
cardiac output decreases (272). Further studies are required to elucidate the mechanisms for
the decrease in dexmedetomidine clearance after cardiac surgery and if this is seen in other
paediatric populations after prolonged infusion.

The effect of cardiac output on

dexmedetomidine clearance in children also needs to be defined.
9.2.2. Pharmacodynamics

Dexmedetomidine has sedative and analgesic effects when administered to postoperative
adult and paediatric patients (88, 90, 99, 124, 276, 277), but prospective paediatric studies are
scarce.

Tobias et al (116) compared dexmedetomidine to midazolam for sedation in

mechanically ventilated children but do not report why these children are ventilated or what
type of surgery, if any, they underwent. Analysis of the sedative and analgesic effects of
dexmedetomidine was investigated after a single bolus dose administered to children after
cardiac surgery (Chapter 6).

There was no difference in the amount of postoperative

diazepam administered between those who received dexmedetomidine and those who did not.
Supplemental morphine administration was reduced by 15.5% over the 12 h study period in
those who received dexmedetomidine.

No difference in the duration on mechanical

ventilation was found. A recent study by Hosokawa et al (130) examined the sedative effects
of a continuous infusion of dexmedetomidine (0.4 to 0.6 µg.kg-1.h-1) compared to usual
sedation regimens (chlorpromazine, midazolam, or fentanyl) for intensive care sedation in
children who had undergone cardiac surgery. They report that dexmedetomidine provided a
similar level of sedation to the usual regimens, with similar requirements for rescue sedation
(3 vs. 2 rescue boluses of a sedative) and rates of inadequate sedation (3% vs. 8% of
patients). The authors also found that time on mechanical ventilation was reduced by 33% (p
< 0.01) in those who received dexmedetomidine (130). Prospective randomised studies
investigating the sedative and analgesic effects of dexmedetomidine in children after cardiac
surgery are still lacking.
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The use of dexmedetomidine is reported to be limited by its effects on blood pressure. The
effect of a single bolus dose of dexmedetomidine over 10 min on the blood pressure of
children after cardiac surgery was investigated using a composite Emax model (122).
Dexmedetomidine produced a biphasic effect in mean arterial blood pressure (MAP). The
peripheral vasoconstrictive effect was directly related to plasma concentration and the central
sympatholytic effect was delayed temporally to plasma concentration, probably due to delays
in distribution to the effect compartment. No age-related changes in MAP were found. This
lack of age-related effect contrasts with a recent study by Mason et al (308) where high dose
dexmedetomidine (3 µg.kg-1 loading dose over 10 min, maintenance infusion 2 µg.kg-1.h-1)
was administered to healthy children undergoing sedation for MRI imaging. They found that
hypertension was more likely to occur in children aged under 1 year than in children over 1
year of age (308). This increased incidence of hypertension in children aged under 1 year of
age may be due to the reduced clearance in this age group combined with the higher target
concentration, compared to children after cardiac surgery. This produces a higher overall
plasma concentration that increases the risk of hypertension. Simulation of this dosage
regimen in a 6 month old child and 5 year old child using the population parameter estimates
from the pooled pharmacokinetic analysis show that the plasma concentration in the younger
child is in fact higher than that in the older child (Figure 9.2). Differences in the populations
studied may also be a factor.

Children studied in our PICU received supplemental

medications, such as opioids and diazepam, and also received active management of their
blood pressure with inotropes. By contrast children undergoing radiological imaging were
healthy and did not receive any concomitant medications.
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Plasma concentration (ng.mL-1)

3.5
3.0
2.5
2.0
1.5

1 month
5 years

1.0
0.5
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Time (hours)
Figure 9.2: Simulated plasma concentration profile for a 1 month and 5 year old child after a loading dose of
3.0 µg.kg-1 over 10 min followed by maintenance infusion of 2.0 µg.kg-1.h-1.

9.2.3. Target effect dosing

In order to predict appropriate dosing of dexmedetomidine, it is necessary to have knowledge
of the pharmacokinetics and pharmacodynamics of this drug. Once a target concentration
producing a target effect is identified, then dosing regimens can be predicted using
pharmacokinetic parameter estimates that will achieve the target concentration. There is a
paucity of this PKPD data available in the literature. With the exception of a concentrationeffect profile for dexmedetomidine and blood pressure in children after cardiac surgery (122),
there are no data available on the plasma concentration required to provide adequate sedation
and analgesia, or the plasma concentration associated with changes in blood pressure in
children after general surgery or after a continuous infusion of dexmedetomidine.
Simulation of dosage regimens reported to provide adequate sedation, or a reduction in
morphine requirements provides an estimated target plasma concentration to allow for the
prediction of dosage regimens, but these differ depending on the intended population. A
target concentration to provide maximal sedation and analgesia with minimal effect on blood
pressure for healthy children undergoing radiological imaging is estimated to be 1.5 ng.mL-1,
while for children after cardiac surgery the target concentration is estimated to be 0.6 ng.mL1

. These target concentrations remain speculative and future studies designed to elucidate

concentration-effect relationships are required.
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9.3. Future directions for research
In

the

process

of

describing

the

pharmacokinetics

and

pharmacodynamics

of

dexmedetomidine in children, the following questions have arisen that warrant further
research:
•

What is the mechanism for the decrease in dexmedetomidine clearance after
prolonged infusion in postoperative cardiac patients?

•

Does this decrease in clearance also occur in children after non cardiac surgery after
prolonged infusion and does it remain with subsequent days of infusion?

•

Is there an increase in α2 adrenoceptor expression and function during the first year of
life that necessitates an adjustment in the suggested target concentration for children
under 1 year of age?

9.4. Conclusions
In this thesis, the pharmacokinetics and pharmacodynamics of dexmedetomidine in children
who have undergone cardiac surgery have been described, and the pharmacokinetics and
pharmacodynamics in children after general surgery clarified. The major findings of this
work are:
•

At birth dexmedetomidine clearance is 43% of mature values, increasing over the first
year of life to reach 86% by 1 year of age. This maturation profile is similar to other
drugs that are metabolised by glucuronide conjugation.

•

Clearance of dexmedetomidine is reduced during infancy, so infants will require a
reduction in maintenance dosing to achieve similar plasma dexmedetomidine
concentrations as older children and adults,

•

Dexmedetomidine clearance is reduced by approximately one-quarter in children who
received dexmedetomidine as a continuous infusion after cardiac surgery compared
with those who received a single bolus dose after cardiac surgery.
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•

A single bolus dose of dexmedetomidine after cardiac surgery reduces the amount of
supplementary analgesia required by approximately 15%, but has no effect on the
requirement for additional sedatives.

•

Dexmedetomidine produces a biphasic effect on blood pressure when administered to
children after cardiac surgery: there is an initial and transient increase in blood
pressure followed by a more sustained decrease. Concentration-response modelling
suggests that a clinically significant increase in blood pressure occurs at
approximately 1.0 ng.mL-1 in this cohort.

•

Target plasma concentrations, for maximum effect with minimal adverse effects,
differ for postoperative cardiac sedation and procedural sedation.

A target

concentration of 0.6 ng.mL-1 is suggested for children after cardiac surgery, whereas a
higher plasma concentration of 1.5 ng.mL-1 is suggested for procedural sedation.
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Appendix B. NONMEM code for pharmacokinetic analysis of
Dexmedetomidine in children after cardiac surgery
$PROB DEXMEDETOMIDINE
$DATA ..\dex.csv IGNORE #
$INPUT ID TIME RATE AMT DUR MDV DV AGE WT PNA SEX
$ESTIM MAXEVAL=9999 SIGDIG=3 PRINT=1 NOABORT METHOD=CONDITIONAL INTERACTION
MSFO=dex_2cmt_2.msf
$COV

$THETA (0.01,39.2, 150) ; CL
$THETA (0.5,36.9,500)

; V1

$THETA (5,69.9,500)

;Q

$THETA (5,68.2,500)

; V2

$THETA (0,46.5,500)

; TDEV50CL

$THETA (0.5,2.78,5)

; HILLCL

$OMEGA BLOCK(4)
0.0922 ; PPVCL
0.197 0.483 ; PPVV1
0.00689 0.0386 0.237 ; PPVQ
-0.00393 0.0365 -0.0752 0.142 ; PPVV2

$SIGMA 0.0005 ; SD
$SIGMA 0.0089 ; CV

$SUBR ADVAN3 TRAN4
$PK
IF (NEWIND.LE.1) THEN ; SETS DOSE TO 0 WHEN START NEW PATIENT
LN2=LOG(2)
DOSE=0

; GIVES DOSES IN OUTPUT

ENDIF
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FSZV=WT/70
FSZCL=FSZV**0.75

PMA=PNA+40
TDEVCL=THETA(5)
HCL=THETA(6)
TDHCL=TDEVCL**HCL
PMAHIL=PMA**HCL

CLAGE=PMAHIL/(PMAHIL+TDHCL)

CL=FSZCL*CLAGE*THETA(1)*EXP(ETA(1))
Q=FSZCL*THETA(3)*EXP(ETA(3))
V1=FSZV*THETA(2)*EXP(ETA(2))
V2=FSZV*THETA(4)*EXP(ETA(4))

S1=V1

$ERROR

CP=F
Y=CP*EXP(ERR(2)) + ERR(1)

$TABLE ID TIME WT CL V1 Q V2 Y AGE PNA MDV
ONEHEADER NOPRINT FILE=dex_2cmt_2.fit
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Appendix C. Individual plasma dexmedetomidine concentrations
Plasma Concentrations (ng.mL-1)
Subject #

First Blood
Sample

Second Blood
Sample

Third Blood
Sample

Fourth Blood
Sample

001

1.120

0.327

0.085

-

002

2.780

0.887

0.297

-

003

1.400

0.542

0.210

-

004

1.500

0.811

0.422

-

005

1.850

0.636

0.405

-

006

1.380

0.000

0.168

-

007

0.738

0.448

0.184

-

008

1.550

0.510

0.239

-

009

0.357

0.280

0.153

-

010

1.580

0.365

0.103

-

011

0.457

0.234

0.081

-

012

0.840

0.383

0.112

-

013

0.575

0.275

0.156

-

014

0.415

0.283

0.174

-

015

0.215

0.136

0.087

-

016

0.000

0.531

0.180

-

017

0.961

0.452

0.234

-

018

0.000

0.150

0.138

-

019

0.300

0.234

0.991

-

020

0.746

0.437

0.255

-

021

0.307

0.179

0.083

-

022

0.173

0.398

0.161

-

023

0.612

0.347

0.104

-

024

0.609

0.313

0.063

-

025

0.246

0.205

0.109

-

026

1.140

0.904

0.113

-

027

0.687

0.971

0.118

-

028

1.040

0.590

0.191

-

029

1.290

0.262

0.069

-

030

0.832

0.332

0.065

-
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Plasma Concentrations (ng.mL-1)
Subject #

First Blood
Sample

Second Blood
Sample

Third Blood
Sample

Fourth Blood
Sample

031

1.137

0.847

0.418

<LLOQ

032

1.650

0.669

0.470

-

033

2.600

0.700

0.347

<LLOQ

034

4.100

1.450

0.606

<LLOQ

035

1.240

0.786

0.233

-

036

3.070

0.749

0.230

<LLOQ

037

4.360

1.150

0.329

<LLOQ

038

3.800

1.170

0.429

<LLOQ

039

0.259

0.291

0.194

0.170

040

1.580

0.568

0.292

<LLOQ

041

0.781

0.396

0.240

0.148

042

1.420

0.470

0.436

0.122

043

0.781

0.469

0.294

<LLOQ

044

1.500

0.382

0.158

<LLOQ

045

1.770

0.270

0.128

<LLOQ
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Appendix D: NONMEM code for the analysis of circadian rhythms in
dexmedetomidine clearance
$PROB DEXMEDETOMIDINE
$DATA ..\dex_Fcirc_occ.csv IGNORE #
$INPUT ID TIME RATE AMT DUR MDV DV AGE WT PNA SEX CIRC OCC
$ESTIM MAXEVAL=9999 SIGDIG=5 PRINT=1 NOABORT METHOD=CONDITIONAL INTERACTION
MSFO=dex_circ_fcirc_occ.msf
$COV

$THETA (0.01,44.7, 150) ; CL
$THETA (0.5,44.6,500)

; V1

$THETA (5,68.6,500)

;Q

$THETA (5,56.8,500)

; V2

$THETA (0,43.9,500)

; TDEV50CL

$THETA (0.5,2.33,5)

; HILLCL

$THETA (-10,-0.0402,10)

; SLCIRC

$OMEGA BLOCK(4)
0.0724 ; BSVCL
0.134 0.376 ; PPVV1
-0.00412 -0.00342 0.294 ; PPVQ
0.0211 0.112 -0.0903 0.0779 ; PPVV2

; BETWEEN-OCCASION BOV
$OMEGA BLOCK (1)
0.0017 ; BOVCL1
$OMEGA BLOCK (1) SAME
;0.0478 ; BOVCL2
$OMEGA BLOCK (1) SAME
;0.067 ; BOVCL3

$SIGMA 0.00018 ; SD
167

Appendix D: NONMEM Code for the Analysis of Circadian Rhythms in Dexmedetomidine Clearance
$SIGMA 0.0118 ; CV

$SUBR ADVAN3 TRAN4
$PK
IF (NEWIND.LE.1) THEN ; SETS DOSE TO 0 WHEN START NEW PATIENT
LN2=LOG(2)
DOSE=0

; GIVES DOSES IN OUTPUT

ENDIF

FSZV=WT/70
FSZCL=FSZV**0.75

PMA=PNA+40
TDEVCL=THETA(5)
HCL=THETA(6)
TDHCL=TDEVCL**HCL
PMAHIL=PMA**HCL

IF (OCC.EQ.1) THEN
BOVCL=ETA(5)
ENDIF
IF (OCC.EQ.2) THEN
BOVCL=ETA(6)
ENDIF
IF (OCC.GE.3) THEN
BOVCL=ETA(7)
ENDIF

CLAGE=PMAHIL/(PMAHIL+TDHCL)

IF (CIRC.GE.0) THEN
FCIRC=1+THETA(7)*CIRC
ELSE
FCIRC=1
ENDIF
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CL=FSZCL*FCIRC*CLAGE*THETA(1)*EXP(BOVCL+ETA(1))
Q=FSZCL*THETA(3)*EXP(ETA(3))
V1=FSZV*THETA(2)*EXP(ETA(2))
V2=FSZV*THETA(4)*EXP(ETA(4))

S1=V1

$ERROR

CP=F
Y=CP*EXP(ERR(2)) + ERR(1)

$TABLE ID TIME WT CL V1 Q V2 Y AGE PNA MDV
ONEHEADER NOPRINT FILE=dex_circ_fcirc_occ.fit
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Appendix E: NONMEM code for pooled pharmacokinetic analysis
$PROB DEXMEDETOMIDINE
$DATA ..\dexmede_all.csv IGNORE #
$INPUT ID TIME RATE AMT DUR MDV DV AGE WT PNA SEX SDY PATH
$ESTIM MAXEVAL=9999 SIGDIG=3 PRINT=1 NOABORT METHOD=CONDITIONAL INTERACTION
MSFO=dexmede_all_cvsd.msf
$COV

$THETA (0.01,42.1, 150) ; CL
$THETA (0.5,56.3,500)

; V1

$THETA (5,78.,500)

;Q

$THETA (5,69.,500)

; V2

$THETA (0,44.5,500)

; TDEV50CL

$THETA (0.5,2.5,5)

; HILLCL

$OMEGA BLOCK(4)
0.0981 ; PPVCL
0.114 0.375 ; PPVV1
0.0727 -0.0201 0.139 ; PPVQ
0.0171 -0.0527 0.0515 0.219 ; PPVV2

$SIGMA 0.00031 ; SD1
$SIGMA 0.0216 ; CV1
$SIGMA 0 FIX ; SD2
$SIGMA 0.0201 ; CV2
$SIGMA 0.00568 ; SD3
$SIGMA 0.00377 ; CV3
$SIGMA 0 FIX ; SD4
$SIGMA 0.0285 ; CV4
$SIGMA 0.00002 ; SD5
$SIGMA 0.0159 ; CV5

$SUBR ADVAN3 TRAN4
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$PK
IF (NEWIND.LE.1) THEN ; SETS DOSE TO 0 WHEN START NEW PATIENT
LN2=LOG(2)
DOSE=0

; GIVES DOSES IN OUTPUT

ENDIF

FSZV=WT/70
FSZCL=FSZV**0.75

PMA=PNA+40
TDEVCL=THETA(5)
HCL=THETA(6)
TDHCL=TDEVCL**HCL
PMAHIL=PMA**HCL

CLAGE=PMAHIL/(PMAHIL+TDHCL)

CL=FSZCL*CLAGE*THETA(1)*EXP(ETA(1))
Q=FSZCL*THETA(3)*EXP(ETA(3))
V1=FSZV*THETA(2)*EXP(ETA(2))
V2=FSZV*THETA(4)*EXP(ETA(4))

S1=V1

$ERROR

CP=F

IF (SDY.EQ.1) THEN
CV=ERR(2)
SD=ERR(1)
ENDIF
IF (SDY.EQ.2) THEN
CV=ERR(4)
SD=ERR(3)
ENDIF
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IF (SDY.EQ.3) THEN
CV=ERR(6)
SD=ERR(5)
ENDIF
IF (SDY.EQ.4) THEN
CV=ERR(8)
SD=ERR(7)
ENDIF
IF (SDY.EQ.5) THEN
CV=ERR(10)
SD=ERR(9)
ENDIF

Y=CP*EXP(CV) + SD

$TABLE ID TIME WT CL V1 Y AGE PNA MDV
ONEHEADER NOPRINT FILE=dexmede_all_cvsd.fit
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Appendix F: NONMEM code for dexmedetomidine PKPD analysis
$PROB DEX_PKPDBP2
$DATA ..\Dex_PKPD_MAP_adren_extra.csv IGNORE #
$INPUT ID TIME RATE AMT DUR MDV DVID CMT DV AGE WT PNA SEX ADRN
$ESTIM MAXEVAL=9999 SIGDIG=7 PRINT=1 NOABORT METHOD=CONDITIONAL INTERACTION
MSFO=dex_pkpd_map_relook_3sig_orig.msf
$COV
; PK
$THETA (20,39.2, 60) ; CL
$THETA (20,48.9,60)

; V1

$THETA (30,86.2,100)

;Q

$THETA (30,71.9,100)

; V2

$THETA (20,37.,500)

; TDEV50CL

$THETA (0.5,1.21,5)

; HILLCL

$THETA (0.001,1.77,100) ; KADR
$THETA (0.01,0.0727,2) ; POP_DURADR
$THETA (0.001,14.5, 100) ; SLOPE

; PD
$THETA (20,60.5, 100) ; E0

$THETA (5,50.3, 100) ; EMAX1
$THETA (0.1,1.1, 20) ; EC501
$THETA (0.1,1.65, 20) ; HILL1

$THETA (5,12.4, 100) ; EMAX2
$THETA (0.01,0.0985, ) ; EC502
$THETA (0.1,2.35, 20) ; HILL2

; LINK
$THETA (0.001,0.161, 5) ; TEQ
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; PK BETWEEN INDIVIDUAL VARIABILITY
$OMEGA BLOCK(4)
0.0618 ; PPVCL
0.00951 0.12 ; PPVV1
0.0237 -0.0603 0.823 ; PPVQ
-0.00857 0.102 -0.311 0.24 ; PPVV2

; PD BETWEEN INDIVIDUAL VARIABILITY
$OMEGA BLOCK (3)
0.0211 ; PPVE0
0.00261 0.199 ; PPVMX1
0.00563 -0.013 0.232 ; PPVEC1

$OMEGA BLOCK (3)
0.136 ; PPVMX2
0.00174 1.09 ; PPVEC2
0.179 -1.11 2.76 ; PPVTEQ

$OMEGA 0.861 ; PPV_DURADR
$OMEGA 0.375 ; PPVKAD
$OMEGA 0.0776 ; PPVSL

; PK ERROR
$SIGMA 0.00242 ; SDCP
$SIGMA 0.0489 ; CVCP

; FX ERROR
$SIGMA 0.00268 ; SDFX
$SIGMA 0.00288 ; CVFX

$SUBR ADVAN6 TOL=5

$MODEL
COMP ( CENTRAL )
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COMP ( PERIPH )
COMP ( EFFECT)
COMP (ADR)

$PK
FSZV=WT/70
FSZCL=FSZV**0.75
FSZT=FSZV**0.25
LN2=LOG(2)

PMA=PNA+40
TDEVCL=THETA(5)
HCL=THETA(6)
TDHCL=TDEVCL**HCL
PMAHIL=PMA**HCL

CLAGE=PMAHIL/(PMAHIL+TDHCL)

CL=FSZCL*CLAGE*THETA(1)*EXP(ETA(1))
Q=FSZCL*THETA(3)*EXP(ETA(3))
V1=FSZV*THETA(2)*EXP(ETA(2))
V2=FSZV*THETA(4)*EXP(ETA(4))

TEQ=FSZT*THETA(17)*EXP(ETA(10))
KEQ=LN2/TEQ

E0=THETA(10)*EXP(ETA(5))

EMAX1=THETA(11)*EXP(ETA(6))
EC501=THETA(12)*EXP(ETA(7))

EMAX2=THETA(14)*EXP(ETA(8))
EC502=THETA(15)*EXP(ETA(9))

HILL1=THETA(13)
HILL2=THETA(16)
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SLOPE=THETA(9)*EXP(ETA(13))

DURADR=THETA(8)*EXP(ETA(11))
KADR =THETA(7)*EXP(ETA(12))

S1=V1
S2=V2

D4=DURADR

;K=CL/V1
;K13=K*0.001
;S3=V1*K13/KEQ

$DES
DCP=A(1)/V1
DC2=A(2)/V2
DCE=A(3)
DADR=A(4)

DADT(1)=DC2*Q-DCP*(CL+Q)
DADT(2)=Q*(DCP-DC2)
DADT(3)=KEQ*DCP-KEQ*DCE
DADT(4)=-DADR*KADR

$ERROR

CP=A(1)/V1
CE=A(3)
CADR=A(4)

IF (CP.GT.0) THEN
FX1=EMAX1/(1+(CP/EC501)**(-HILL1))
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ELSE
FX1=0
ENDIF
IF (CE.GT.0) THEN
FX2=EMAX2/(1+(CE/EC502)**(-HILL2))
ELSE
FX2=0
ENDIF
FX3 = SLOPE*CADR
FX=E0+FX1-FX2+FX3

IF (DVID.LE.1) THEN ; 0=DOSE 1=CP 2=FX
Y=CP*EXP(ERR(2))+ERR(1)
ELSE
Y=FX*EXP(ERR(4))+ERR(3)
ENDIF

BPDL=FX-E0

$TABLE ID TIME Y AGE WT DVID BPDL EMAX1 EC501 EMAX2 EC502
NOPRINT ONEHEADER FILE=dex_pkpd_map_relook_3sig_orig.fit
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