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Background: Intranasal dexmedetomidine provides noninvasive, effective pro-
cedural sedation for pediatric patients, and has been widely used in clinical prac-

H tice. However, the dosage applied has varied fourfold in pediatric clinical studies.
Popl“atlon To validate an appropriate dosing regimen, this study investigated the pharmaco-
= = kinetics of intranasal dexmedetomidine in Chinese children under 3 yr old.
Pharmac(’klnetlcs Methods: Intranasal dexmedetomidine 2 pg - kg~' was administered to
of Intranasal children with simple vascular malformations undergoing interventional radio-

logical procedures. A population pharmacokinetic analysis with data from an

Dexmedetomidine in optimized sparse-sampling design was performed using nonlinear mixed-ef-

fects modeling. Clearance was modeled using allometric scaling and a sig-

H moid postmenstrual age maturation model. Monte Carlo simulations were
Infants and Young chlldren performed to assess the different dosing regimens.

AQ1 Bi L. Li, M.D., Yan P. Guan, M.D., Vivian M. Yuen, M.D., Results: A total of 586 samples from 137 children aged 3 to 36 months
Wei Wei, M.D., Min Huang, Ph.D., Ma Z. Zhang, M.D., were included in the trial. The data were adequately described by a two-com-

Ai W. Li, Ph.D., Joseph F. Standing, Ph.D., partment model with first-order elimination. Body weight with allometric scal-

Guo P. Zhong, Ph.D., Xing R. Song, M.D. ing and maturation function were significant covariates of dexmedetomidine

clearance. The pharmacokinetic parameters for the median subjects (weight

ANESTHESIOLOGY 2022; XXX:00-00 10kg and postmenstrual age 101 weeks) in our study were apparent cen-

tral volume of distribution 7.55 |, apparent clearance of central compartment

9.92 | - h~', apparent peripheral volume of distribution 7.80 I, and apparent

EDITOR’S PERSPECTIVE intercompartmental clearance 61.7 | - h-'. The simulation indicated that at

. . the dose of 2 ug - kg~', 95% of simulated individuals could achieve a target

What We Already Know about This Topic therapeutic concentration of 0.3 ng - ml~" within 20 min, and the average peak
e -Intranasal dexmedetomidine is widely used for procedural sedation concentration of 0.563ng - ml=" could be attained at 61 min.

and as premedication for children

Conclusions: The pharmacokinetic characteristics of intranasal dexmedeto-
What This Article Tells Us That Is New midine were evaluated in Chinese pediatric patients aged between 3 and 36
months. An evidence-based dosing regimen at 2 pg - kg~ could achieve a pre-

AQS * -Based ,On pharmacokinetic datg ,in a cohort of children aged, 3 months set therapeutic threshold of mild to moderate sedation that lasted for up to 2h.
to 3 yr, intranasal dexmedetomidine 2 ug - kg=1 would provide a ther-
apeutic threshold of mild to moderate sedation lasting for up to 2 h (AngsThEsI0LOGY 2022; XXX:00-00)
Intranasal dexmedetomidine is widely used in pediatric unpleasantsensation.Intranasaldexmedetomidineat 1 pg-kg™'
patients for procedural sedation' because it is easy and is rapidly absorbed, with a sedation onset time of approx-
convenient to administer and is not associated with an imately 25min in children? and 45min in healthy adult
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volunteers.>* It is associated with a good safety profile, with
only mild hemodynamic changes and minimal respiratory
depression.>®

As clinical evidence accumulates supporting the ther-
apeutic effect evaluation of intranasal dexmedetomidine
in pediatric subjects, the importance of understanding the
pharmacokinetic and time-concentration profiles at dif-
ferent doses increases to minimize adverse reactions and
facilitate clinical decision-making. The therapeutic effect
of intranasal dexmedetomidine in children has been exten-
sively studied; however, the pharmacokinetic profile has not
been sufficiently described.To date, only two intranasal dex-
medetomidine pharmacokinetic studies on a small number
of children have been reported. These include a study of
13 Chinese children aged 4 to 10 yr and another study
on 18 African-American and Caucasian children aged 6 to
48 months.”® Neither of these studies used their models to
simulate optimal dosing. Potts et al. reported reduced clear-
ance in infants and their simulation based on a two-com-
partment model with sigmoidal maturation and allometric
models.” They suggested that children were aroused from
sedation at a plasma concentration of 0.304ng - ml™!
after an infusion of dexmedetomidine. Our current study
assessed the pharmacokinetic profile of intranasal dexme-
detomidine administration in a large cohort of relatively
healthy children under 3 yr old with simple vascular mal-
formations. Moreover, plasma concentration-time profiles
with different dosing regimens and age groups were char-
acterized by simulation.

Materials and Methods

This prospective pharmacokinetic study was approved by
the Guangzhou Women and Children’s Medical Center
(Guangzhou, China) Review Board (Institutional Review
Board 201507) and registered before the first patient enroll-
ment at the Chinese Clinical Trial Registry (ChiCTR-
OPC-16008589, Principal investigator: B. L. Li, Date of
registration: June 3, 2016).

Written informed consent was obtained from all the
guardians of the subjects recruited in this study before
surgery. This study adhered to the revised Declaration of
Helsinki of the World Medical Association (Ferney-Voltaire,
France) and International Conference on Harmonization
and Good Clinical Practice Guidelines.

Study Population

Subjects were enrolled from June 2016 to November 2017 at
the Guangzhou Women and Children’s Medical Center. We
enrolled children between 3 and 36 months of age, American
Society of Anesthesiologists (Schaumburg, Illinois) Physical
Status I and II, with simple vascular malformations as clas-
sified by the International Society for the Study of Vascular
Anomalies (Milwaukee, Wisconsin) Criteria, and requir-
ing intervention radiological procedures. The exclusion
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criteria included a history of allergy or hypersensitivity to
dexmedetomidine; severe hepatic impairment; hematolog-
ical, cardiovascular, endocrine, metabolic, and gastrointes-
tinal diseases; exposure to dexmedetomidine or any other
sedative within a week; and the presence of active respi-
ratory symptoms, rhinorrhea, and vascular malformations
in or near the nasal cavity that might influence nasal drug
absorption.

Clinical Protocol

All subjects received 2mg - kg! propofol, 0.3 pg - kg!
sufentanil, and 0.2mg - kg™! cisatracurium besilate at anes-
thesia induction and had laryngeal mask airway placement
or tracheal intubation. After intravenous induction of anes-
thesia, intranasal dexmedetomidine at 2 pg - kg ™' was admin-
istered. Undiluted preservative-free  dexmedetomidine
(100 pg - ml™';Ai Bei Ning, JiangSu Singchn Pharmaceutical
Co. Ltd., China) was used. The solution was drawn into a
1-ml tuberculin syringe and attached to a mucosal atom-
ization device (MAD Nasal, Teleflex Incorporated, USA).
The dead space of the atomization device was approxi-
mately 0.15ml, and it was primed with dexmedetomidine
so that exactly 2 pg - kg' dexmedetomidine was drawn to
the tuberculin. An equal volume of the drug was adminis-
tered to each nostril of the participants. A single pediatric
anesthesiologist (B.L. Li) with extensive experience using
the atomizer device performed all nasal dexmedetomidine
administrations. General anesthesia was maintained with
sevoflurane. Intranasal administration at 2 to 3 pg - kg'
dexmedetomidine is commonly used for procedural seda-
tion.*!” To prevent interventional puncture site rebleeding
caused by postoperative emergence agitation,'!
intranasal dexmedetomidine at 2 pg - kg ' as an adjuvant
for anesthesia.Vital signs, including oxygen saturation mea-
sured by pulse oximetry (Spo,), pulse rate, noninvasive sys-
tolic blood pressure (SBP), and sedation score (University
of Michigan Sedation Score), were measured at baseline and
every 5min until the discharge criteria were reached. Pulse
rate and noninvasive SBP were recorded when their values
were lower or higher than 20% of the age-defined normal
range limits. Hypoxia was defined as Spo, equal to or less
than 93%.

The following clinical data were collected and evaluated
as covariates due to their potential influence on dexmede-
tomidine pharmacokinetics: postnatal age,'> postmenstrual
age (defined as the sum of gestational and postnatal age),
weight, sex, albumin, bilirubin, hemoglobin, glucose, liver
function (alanine aminotransferase and alanine aminotrans-
ferase [AST]), creatinine, creatinine clearance," and coad-
ministered drugs.

we used

Blood Sampling and Drug Determination

The dexmedetomidine sampling strategy adopted herein
was designed according to the D-optimal criterion using

Pharmacokinetics of Intranasal Dexmedetomidine
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PopED i1n the R language. Pharmacokinetic parameters of
intranasal dexmedetomidine from healthy adult subjects
were extrapolated to children based on allometric scaling.*
Sampling windows were estimated around each sampling
time to ensure that the design was clinically feasible. The
D-optimality product criterion was evaluated using the fol-
lowing parameters: Fisher information matrix, normalized
efficiency, and coefhicients of variation. The final blood sam-
pling schedule by age was as follows: 3- to 12-month-old
subjects (Group 1), 13- to 23-month-old subjects (Group 2),
and 24- to 36-month-old subjects (Group 3) at 6, 18, 120,
180, and 360min; 6, 18, 60, 240, and 360 min; and 6, 18,
120, 240, and 360 min, respectively, with a minimal subject
number of 50 in total. Subsequently, a 1-ml blood sample
was collected from an indwelling intravenous cannula into
heparin sodium tubes. After collection, the samples were
centrifuged at 4°C for 10min at 3,000rpm - min™’
then stored at —80°C until analysis.

and

Bioassay

Plasma dexmedetomidine concentrations were quantified
by validated ultrahigh-performance liquid chromatogra-
phy—tandem mass spectrometry using a stable isotope-la-
beled internal standard.™

The dexmedetomidine concentration in plasma was
analyzed using a ultrahigh-performance liquid chromatog-
raphy system (Thermo Fisher Scientific Inc., USA) consist-
ing of an Ultimate 3000 RSLC system with binary pumps
and an S surveyor autosampler (Thermo Fisher Scientific
Inc.) coupled with a TSQ Ultra triple-quadrupole mass
spectrometer (Thermo Fisher Scientific Inc.). Samples
were separated on an Acquity BEH C, column (2.1mm X
50mm, 1.7 um particle size; Waters, USA) set at 40°C.The
mobile phase consisted of acetonitrile (A) and 1%o formic
acid water solution (B) at a flow rate of 0.3ml - min~'. The
total run time of each sample was 3.1 min. The conditions
of the gradient elution were set as follows: 0 to 0.5 min, 28%
A;0.5 to 1.5min, 28 to 90% A; 1.5 to 2.0min, 90% A; 2.0 to
2.1min, 90 to 28% A;and 2.1 to 3.1 min, 28% A.

Mass spectrometric detection was performed on a
TSQ Quantum Ultra triple-quadrupole mass spectrom-
eter (Thermo Fisher Scientific Inc.) equipped with an
electrospray ionization interface. Dexmedetomidine and
deuterated medetomidine were monitored under positive
ion-switching electrospray ionization conditions and quan-
tified in the selected reaction monitoring mode with tran-
sitions of m/z 201.3 — 95.1 and 204.2 — 98.0, respectively.

The ultrahigh-performance liquid chromatography—tan-
dem mass spectrometry method was validated with a lower
limit of quantification of 0.05ng - ml™'. The linear range
was 0.05 to 10ng - ml™" (1 > 0.99) for dexmedetomidine.
The within-batch and between-batch precision levels were
less than 7.67%, whereas the accuracy ranged from —3.06
to 11.2%.The bioassay was fully validated according to the
Food and Drug Administration (Silver Spring, Maryland)

22:25
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Guidelines.” The bioassay showed good linearity, accept-
able precision and accuracy, negligible matrix effects, and
excellent extraction efficiency.

Pharmacokinetic Modeling

The concentration-time data for dexmedetomidine were
modeled by first-order conditional estimation with inter-
action using the nonlinear mixed-effect modeling program
Phoenix NLME (Version 7.0, Certara L.P. Pharsight, USA).

The clinical team recorded the precise drug adminis-
tration and sampling time using dedicated bedside report-
ing documentation and then transcribed them into a case
report form. Missing observations or concentration data
were excluded from the analysis. Missing covariate values
were replaced by previous values recorded before surgery
from the same individual or interpolated for time-depen-
dent covariates. The rest, if not resolved, was replaced with
the median value from the study population.'® Concerning
the management of plasma concentrations below the quan-
tification limit the m®> Method was used to fit the pharma-
cokinetics model."” The m® method allowed the below the
quantification limit observations to be retained but handled
them as censored observations under the assumption that all
the concentrations were normal. The likelihood for all the
data to be maximized with respect to the model parame-
ters, and the likelihood for a below the quantification limit
observation in particular, were taken to be the likelihood
that the observation was indeed below the quantification
limit."”

Model Building

By visually inspecting the raw data and reviewing the lit-
erature, it was deemed likely that a one- or two-compart-
ment disposition model would suffice, with a possible need
for an absorption lag. Therefore, one- or two-compartment
open models were compared, and each model had first-or-
der absorption with or without a lag time to describe the
absorption phase. The interindividual variabilities were
assumed to follow log-normal distributions (1 on CL/F, 1
on Q/F,mon V,/F and V,/F with covariance) and were
implemented in the base model as (equation 1)

lji = ppop * eXp<77:) (1)

where P is the estimated pharmacokinetic parameter value
for the i subject. P is the mean pharmacokinetic param-
eter, and 1), is the interindividual variability between the
log-transformed individual-specific parameter and a typical
parameter. Independent and identically distributed random
variables were normally distributed around O with variance
®? and the variable i for the i* individual.

The models were parameterized using the first-order
absorption rate (Ka), apparent central volume of distribu-
tion (V/,/F), apparent peripheral volume of distribution
(V,/F), apparent clearance of central compartment (CL/F),

Anesthesiology 2022; XXX:00-00
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apparent clearance of peripheral compartment (Q/F), and
lag time.

A combined proportional and additive model was eval-
uated to estimate the residual variability based on a visual
inspection of the routine diagnostic plots and improvement
of the objective function value. The residual variability is

expressed as Cm, = C + C e +g
i pij pii* " prop.ij add, ij

where Crm, is
the j™ observed concentration of the i subject, C;1s the g

model-predicted concentration of the i" subject, and €, i
and g , . are the random variables with a mean of zero and
variance 0> and 0 . The residual variability in sample
R propij add,ij ) K R !
collection, analytical determination, and model-misspecifi-

cation risk might result in estimated variance (0%)."

Covariate Analysis

Demographic characteristics, such as age, weight, and liver
function (alanine aminotransferase, AST), could serve as
covariates and could be used to investigate their influences
on pharmacokinetics.'®

The allometric power models related to pharmacokinetic
parameters are represented in equation 2 and equation 3,

_ Welgh { coefficient

size T Weight (2)

median

where F_ is the fractional difference in allometrically
scaled size compared to an individual with a median weight,

weight . is the standard median weight of the study pop-

dia
ulation, and the coefficient is an empirically derived con-

stant; and

Weight
70kg

size (

)wqﬁiacﬂr ( 3)

where F_ _is the fractional difference in allometrically
scaled size compared to an individual with a weight of
70kg. Weight represents an individual’s body weight (i),
and 70kg is the standard adult body weight. For both
allometric models described above, apparent peripheral
clearance and volume of distribution were standardized
with a body weight of 70kg or median weight using the
allometric coefficients of 0.75 for clearance and 1 for
distribution.'

Collinearity of age and size is a fundamental feature, but
they are not mutually exclusive."” Age-dependent changes
in body weight affecting drug disposition should also be
considered.” After examining the influence of body weight
on the basic model, a sigmoid Emax model was tested to
account for differences in body size and maturation func-
tion of dexmedetomidine CL on postmenstrual age.'? The
model allows gradual maturation of clearance in the early
life stage (equation 4),'®

PMA”
) )

Ellaf = 4 V4
(PMA +TM,,
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where F__is the fraction of adult dexmedetomidine clear-
ance value, TM_ is the postmenstrual age at which the
clearance 1s 50% of the mature value, and 7 is the Hill coef-
ficient for clearance.

Clearance (CL/F) could then be described as follows
(equation 5):

CL/F=CL,, *F, *E,*exp(1) 5)
where CL_ is the population estimated value of clearance.

After delineating size and age, the forward and inclu-
sion-backward elimination method was performed to ana-
lyze other potential covariates in the nested model. In the
forward step of the covariate screening period, a covariate
was included if the best improvement in the goodness-of-
fit was found, and a statistically significant decrease of at
least 10.60 in objective function value (P < 0.005, with
1 degree of freedom) was obtained. Subsequently, all signifi-
cant covariates were added. The backward deletion was per-
formed using a stringent statistical significance of P < 0.001
to preserve the influenced covariates in the final model for
an increase in objective function value of greater than 13.82
(with 1degree of freedom). Model convergence, reasonable
estimates of parameter values, and precision were also con-
sidered for covariate selection.

Model Evaluation

A nonparametric bootstrap resampling method was applied
to evaluate the stability and performance of the final model.
The original dataset was resampled at the subject level to
generate 1,000 new datasets. The 1,000 resampled datasets
were used to obtain the 2.5th and 97.5th percentiles of the
simulated model parameters. If the model was valid, the
parameter estimates derived from the original dataset were
similar to the median and were included in the 2.5th and
97.5th percentiles. The final model was evaluated using a
prediction-corrected visual predictive check.?’ This method
generated virtual predictions and observations based on
some values obtained by Monte Carlo simulations. The
percentiles of the simulated data were compared with the
corresponding percentiles of the observed data.

Model Simulation

A wide range of intranasal dosages was reported to be used
in children;* the most commonly reported dose was 1 to
4 pg - kg '.??* Therefore, the pharmacokinetic profiles
at dosage regimens of 1 to 4 pg - kg™' for children (post-
menstrual age, 101 weeks; weight, 10kg) were simulated
via Monte Carlo simulations. All the children in the sim-
ulation were assumed to be term births with a gestational
age of 40 weeks. For each scenario, 1,000 replications were
performed. The time-concentration profiles for the male
term children whose ages ranged from 3 months to 3 yr
(3, 6, and 9 months, and 1, 2, and 3 yr) were also simu-
lated. Clinical covariates were based on the 50th percentile

Pharmacokinetics of Intranasal Dexmedetomidine
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weight estimates per age for boys as provided by the Clinical
Growth Charts from Chinese children references.”

Statistical Analysis

Model building was conducted using Phoenix NLME
(Version 7.0, Certara L.P. Pharsight). Graphs were prepared
using GraphPad Prism 8 (GraphPad Software Inc., USA).
The patients’ characteristics were summarized as the median
(interquartile range) and range of observations, whichever
was appropriate. All model parameters are reported as esti-
mated values with relative standard errors. A two-tailed
unpaired f test was performed to compare the time to reach
the maximum plasma concentration (T_ ) and the maxi-
mum concentration (C_ ) between different age groups by
simulated intranasal dexmedetomidine values. The results
were analyzed using P < 0.05 for statistical significance.

Results

Study Population

A total of 140 Chinese children were recruited from June 9,
2016, to November 9, 2017. Three patients dropped out of
the study because of the cancellation of scheduled surgery;
thus, 137 children completed the study and were included
in the analysis. The demographic information is summa-
rized in table 1.

Safety Outcome

The median (interquartile range) duration of anesthesia
was 30.0min (24.0 to 44.5min). The median (interquar-
tile range) wake-up time (from anesthesia start to the time
to reach University of Michigan (Ann Arbor, Michigan)
Sedation Score [0 to 1]) was 43.5min (32.5 to 55.8 min),

Table 1. Subject Characteristics

Characteristic Value

No. of Patients 137

Sex, female/male 63/74
Premature, yes/no 5/132
Postnatal age, mo 14 (8-23 [3-36])
Postmenstrual age, wk 101 (75-140 [53-205])
Body weight, kg 10 (8-11.6 [5-17])

Height, cm
Creatinine, pmol - I
Creatinine clearance, ml - min-'

76 (68-87 [53-102))
20 (16-23 [10-63])
112 (102125 [44-214])

No. of samples per patient 5 (4-5 [1-5))
Diagnosis classification
Lymphatic malformations 59 (43.1%)
Venous malformations 25 (18.2%)
Arteriovenous malformations 22 (16.1%)
Arteriovenous fistula 31 (22.6%)

Data presented as median (interquartile range [range]) or number (proportion). Creat-
inine clearance calculated by Schwartz equation.
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and the median (interquartile range) time for the patients
to be discharged to the ward after anesthesia was 50 min (35
to 65 min). Eight patients experienced hypotension during
the operation, and one 33-month-old patient required
epinephrine to treat hypotension after his SBP fell to 58
mmHg. No episodes of oxygen desaturation, bradycardia,
or hypertension occurred.

Pharmacokinetic Model Building

There were 685 scheduled blood sample collections; how-
ever, the investigator failed to collect 37 blood samples
because of other clinical commitments. An additional 45
samples were missed due to blocked cannula, and 17 sam-
ples were not collected because of parental refusal. In total,
586 samples were included in the final analysis, and all the
included samples were taken within the effective window of
each optimal sampling schedule. For the concentration data
below the lower limit of quantification, a likelihood-based
approach was applied where lower limit of quantification
data were flagged and treated as categorical data.'”? In this
study, 32 (5.46%) plasma concentrations were below the
quantification limit, and the values for below the quanti-
fication limit observations that were considered normally
distributed were replaced by random values somewhere
between negative infinity and the lower limit of quantifica-
tion.? The plasma concentrations of dexmedetomidine over
time for the three groups divided by age (3- to 12-month-
old subjects in Group 1, 13- to 23-month-old subjects in
Group 2, and 24- to 36-month-old subjects in Group 3) are
presented in Supplemental Digital Content 1 (http://links.
Iww.com/ALN/C857). The measured concentrations and
individual/population predictions versus time are shown in
Supplemental Digital Content 2 and 3 (http://links.Iww.
com/ALN/C858, http://links.lww.com/ALN/C859).

A two-compartment model described intranasal dexme-
detomidine pharmacokinetics with first-order elimination
from the central compartment. Adding the second compart-
ment yielded a smaller improvement in fit than that yielded
from the one-compartment model (A objective function
value, —4.6; diagnostic plots shown in Supplemental Digital
Content 4 (http://links.lww.com/ALN/C860). Although
the objective function value improvement was minor, the
two-compartment model was still selected. The reasons
were that the one-compartment model exhibited larger
errors and interindividual variances concerning the associ-
ated pharmacokinetic parameters (17 to 122%) and showed
poorer diagnostic plots when compared with the two-com-
partment model.

The basic models were estimated with or without lag
time (—2LL = —681.3, if the lag time was absent). Different
lag times were also compared (data not shown); the lag
times were fixed at 0.5min (A objective function value,
—80.3) and 5min (A objective function value, —150.3) but
witth/F lower than 10 I, and 10 min (A objective function
value, 424.3). Finally, the basic model with an estimated
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lag time of 1.62min (A objective function value, —12.8)
fit the data. Given that the estimate of the proportional

residual error (0% ) asymptotically approached zero, this

prop, ij
type of error was removed from the model, and only the
additive model (0?

4 in table 2).

. » Wwas retained (model 3 and model
add, ij

Covariate Analysis

The weight-based allometric method (standardization for a
70-kg adult, equation 3) was applied to the structural model
(allometric coefficients of 0.75 for CL/F and Q/F and 1 for
V,/F and V,/F), which caused a slight decrease in objec-
tive function value (A objective function value, —11.2). By
comparison, a linear weight-normalized model with stan-
dardization for median weight yielded no improvement
compared with that in the model standardized for a weight
of 70kg (A objective function value, 24.3). The addition of
maturation of dexmedetomidine clearance based on post-
menstrual age improved the model to an even greater extent
than a 70-kg standardization allometric model (A objective
function value,—96.9). The maturation parameters for clear-
ance were estimated as follows: TM, = 44.7 (coefficient of
variation percentage, 17.3%) and y = 2.96 (coefhicient of
variation percentage, 10.7%). Moreover, gestational age and
postnatal age alone or together were not superior to post-
menstrual age alone after adding to clearances (CL/F) and
volumes (V /EV,/F), and other covariates (sex, creatinine,
AST, and alanine aminotransferase) were not statistically
justified when they were incorporated into the model. The
description of the covariate analyses is provided in table 2.
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Model diagnostics indicated acceptable goodness-of-
fit for the final model (fig. 1). Finally, the model was best
described by a two-compartment model with first-order
elimination, an allometric scaling with estimates standard-
ized to 70-kg weight, and maturation of clearance. The
parameter estimates for the intranasal dexmedetomidine
population pharmacokinetic model and bootstrap results
are presented in table 3.

Model Validation

The reliability and stability of the final model were ver-
ified by bootstrapping (table 3) and prediction-corrected
visual predictive check (fig. 2). The median of the boot-
strap fixed-effects parameter estimates was within 5% of
the population estimates from the original dataset for all
parameters. The final model revealed a good fit between the
predicted and observed dexmedetomidine concentrations,
and the 5th, 50th, and 95th prediction intervals simulated
from the posterior distribution of the final model parameter
estimates were overlaid with the 5th, 50th, and 95th percen-
tiles from the observed data.

Model Simulation

Intranasal dexmedetomidine pharmacokinetics were best
described by the two-compartment model incorporating
weight and postmenstrual age. The simulated concentra-
tion-time curves of the dose regimens across 1 to 4 pg - kg™’
are plotted in fig. 3, A and B. The plasma concentration
curves for an intranasal dose at 2 pg - kg™ were simulated
in different typical boys with the 50th percentile estimates

Table 2. Stepwise and Objective Function Values Used for Discrimination

Pharmacokinetic Reference  Objective
Model Parameters Model  Function Value
Structure model
One-compartment model with first-order absorption, 02,05 (L ” 1 CL/F, VIF, Ka -676.7
Two-compartment model with first-order absorption, 2, . 0%,/ 2 CLRV/QFV/FKa 1 -681.3
Two-compartment model with first-order absorption with lag time (Tlag = 1.62min), 0?, . (=0), &°,,, 3 CLE V/F, Q/F V/F, Ka 2 -693.2
Two-compartment model with first-order absorption with lag time (Tlag = 1.62min), 0® , U 4 CL/E V/F QF V/F Ka 3 -693.9
Covariate model
Weight-based allometric model
70-kg weight-normalized model 5 CLEV/FE A V/F 4 —705.1
Weight-normalized model* 6 CUEV/E QFEV/F 4 -680.8
Maturation model CL/F
Postmenstrual age’ 7 5 -802.0
Postnatal age’ 8 5 7721
Gestational age® 9 5 -710.8
Gestational age, postnatal age® 10 5 -780.8

Models 1 to 4 were base models without any covariates. Potential covariates (including weight, postmenstrual age, and postnatal age) were included to assess the covariate effect in

models 5 to 10.

* 32
Uprvﬂ,iﬂ

the estimated variance of the j™ observed concentration of the i subject by using a proportional error model; o?

. e estimated variance of the j" observed concentration of

the i subject by using an additive error model. tThe covariates are centered on their median as P = Ppo * (Covariate / Median(Cavariate))”"”fﬁc"""t, where Median(Covariate) is the
median value of the covariate in the study population and coefficient quantifies the influence of the covariate on B

CL/F, apparent clearance of central compartment; Ka, first-order absorption rate; @/F, apparent clearance of peripheral compartment; V,/F, central volume of distribution; V/,/F, peripheral

volume of distribution.
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Fig. 1. Diagnostic scatter plots of the final model. Measured concentration versus the modeled concentration (population predictions; 4) and AQ20

versus modeled concentration (individual predictions; B). Log-log scaled plots of the measured concentration versus the modeled concentra-
tion (population predictions; C) and versus modeled concentration (individual predictions; D). Conditional weighted residuals versus modeled
concentration (population predictions; £) and versus time (F). Red lines in Ato D represents referenced lines (y = x). Both the thick and thin
red lines in E and F represent the trend of the residual distribution. The thick red lines are fitted by locally weighted regression. The thin red
line above zero is the smooth of the absolute values of the weighted residuals; the thin red line below zero is the mirror image.
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Table 3. Parameter Estimates for the Intranasal Dexmedetomidine Population Pharmacokinetic Model and Bootstrap Results

Estimates

Pharmacokinetic parameters” (RSE%)
CL/F (L/h/[WT/70]°79)t 53.0 (11.1%)
V,/F (L/[WT/70]) 57.5 (17.5%)
Q/F (L/h/[WT/70]°79) 243.8 (24.5%)
V,/JF (L/WT/70]) 71.8 (12.3%)
Ka (h) 1.5 (10.1%)
™,, (WK) 44.7 (17.3%)
v 3.0 (10.7%)
Tlag (h) 0.03 (5.8%)
Interindividual variability (w?)

CL/F 0.18 (2.9%)

V./F 0.21 (11.7%)

Q/F 0.04 (3.3%)

V,/F 0.07 (3.0%)

Ka 0.35 (7.4%)

™, -

v _

Tlag 0.12 (3.1%)

Additive error (ug - ml-") 0.05 (5.8%)

Bootstrap

BSV% Median 5th-95th
42.7% 52.2 (6.0%) 46.7-58.1
46.3% 57.4 (3.1%) 11.1-115.2
21.4% 243.5 (21.1%) 62-300
27.3% 70.2 (20.5%) 24.8-95.7
59.2% 1.5 (23.2%) 0.5-2.3

— 45.1 (10.5%) 37.9-57.5

— 3.0 (18.8%) 2.4-9.2
36.0% 0.03 (37.7%) 0.02-0.06

— 0.16 (3.3%) —

— 0.26 (10.9%) —

— 0.04 (2.1%) —

— 0.14 (15%) —

—_ 0.30 (9.5%) —

— 0.19 (16.2%) —

0.05 (9.5%) 0.04-0.06

*CL/F, apparent clearance of central compartment (allometrically scaled with exponent factor of 0.75 and a sigmoid hyperbolic maturation function of postmenstrual age); V. /F, apparent
central volume of distribution (allometrically scaled with exponent factor of 1); Q/F, apparent clearance of peripheral compartment (allometrically scaled with exponent factor of 0.75);
V,/F, apparent peripheral volume of distribution (allometrically scaled with exponent factor of 1); Ka, first-order absorption rate; TM, , the postmenstrual age at which clearance is 50%
that of the mature value; v, the Hill coefficient for clearance; Tlag, lag time; w, inter-individual variabilities of estimated parameters.

tindividual clearance of central compartment has an additional “maturation factor” and the estimate can be calculated by the following equation:

Weight .75 PMAT Weight
CLIF = CLygy *(WE9M 075 )*exp(nCL); v /F =V, *
PRI T ppA7 + TMg” AT

of weight per age reported in the Clinical Growth Charts
for Chinese children.”® The age (including postmenstrual
age) and weight of each group were set as follows: (A) a
3-month-old child (postmenstrual age, 53 weeks; body
weight, 6.8kg), (B) a 6-month-old child (postmenstrual age,
66 weeks; body weight, 8.4kg), (C) a 9-month-old child
(postmenstrual age, 79 weeks; body weight, 9.3kg), (D) a
1-year-old child (postmenstrual age, 92 weeks; body weight,
10.1kg), (E) a 2-year-old child (postmenstrual age, 144
weeks; body weight, 12.5kg), (F) a 3-year-old child (post-
menstrual age, 196 weeks; body weight, 14.7kg) (fig. 3C).
The terminal half-life parameters of each group were
1.8+0.8h, 1.6£0.7h, 1.5£0.6h, 1.5+0.7h, 1.5£0.8h,
and 1.5 £ 0.8 h, respectively. Ninety-five percent of the sim-
ulated individuals who received 2 pg - kg™! intranasal dex-
medetomidine would achieve the target concentration of
0.3ng - ml™" within 20 min. There was no significant differ-
enceintheT (P =0.056) orthe C__among the different
age groups (P = 0.721). A comparison between the phar-
macokinetic parameters of intranasal dexmedetomidine is
summarized in table 4.

Discussion

The current study described the pharmacokinetics of intra-
nasal dexmedetomidine in a large cohort of Chinese chil-
dren aged 3 months to 3 yr. Using an optimal sampling
method combined with nonlinear mixed-eftects analysis

Anesthesiology 2022; XXX:00-00

) *exp(nV); @/ F =Qpop *

Weight
7g 1275 *exp(nQ); Vy / F =Vapgp *(

Weight
70

)1 *exp(nly) .

and simulation, we demonstrated that a target plasma con-
centration of 0.3ng - ml™! would be reached within 20 min
in 95% of the simulated individuals treated with intranasal
dexmedetomidine at 2 ug - kg™',and the C__at 0.563ng -
ml" would be attained at 61 min.

Given the paucity of relevant literature, comprehensive
information on the pharmacokinetic profiles of intranasal
dexmedetomidine administration in pediatric populations,
especially among infants and young children, is still lacking.
To date, only two studies based on small sample sizes have
reported the pharmacokinetics of intranasal dexmedeto-
midine administration in this population. One focused on
the peak plasma concentration in 18 African-American and
Caucasian children aged 6 to 48 months,® and the other
conducted pharmacokinetic modeling of 13 Chinese chil-
dren aged 4 to 10 yr.” Miller et al. found that the average
C, . values were 0.199ng - ml™" and 0.355ng - ml™" after
intranasal administration of 1 and 2 pg - kg' dexmedeto-
midine, respectively.® On the contrary, it was 0.748ng - ml™!
in the study by Wang et al.” after intranasal administration
of 1 pg - kg! dexmedetomidine. In the current study, the
average C_values were 0.499, 0.525, and 0.506ng - ml™'
for the infant, 1-year-old, and 2-year-old groups, respec-
tively. The simulated intranasal dexmedetomidine C__ val-
ues of 0.563ng - ml™" at 2 pg - kg' and 0.260ng - ml™" at
1 pg - kg™ were consistent with those reported by Miller
et al.® with a similar age group. However, they were lower
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concentration(ng/mL)

Prediction-corrected dexmedetomidine

_05 I I I I I I I
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Time(h)

Fig. 2. Prediction-corrected visual predictive check obtained
from 1,000 simulations of the database. The blue circles rep-
resent the prediction corrected plasma concentrations. The red
solid line in the middle represents the median prediction cor-
rected plasma concentration, and the corresponding semi-trans-
parent red field represents a simulation based 95% confidence
interval for the median. The 5% and 95% percentiles are pre-
sented with the dashed red lines in the bottom and upper, and
the 95% confidence intervals for the corresponding model pre-
dicted percentiles are shown as semi-transparent blue fields.

than that in the study by Wang et al.” The discrepancy in
the results might be attributed to the patients’ age range
and clinical status as well as the bioavailability of dexme-
detomidine by different administration methods.”” Wang
et al.” recruited older children who underwent different
surgeries. In contrast, we enrolled only relatively healthy
children with simple vascular malformations in the current
study. Dexmedetomidine was administered into the nose
by simple drops in the study by Wang et al., whereas an
atomization device was used in the study by Miller ef al.
and our study. Although no notable difference was found
between administration by an atomizer or by drops in adult
volunteers and children,*® these studies were performed
on awake patients in different positions. The bioavailability
resulting from different administration methods in anesthe-
tized children would warrant further clarification.

The pharmacokinetic model of intranasal dexmedeto-
midine was established using an allometric two-compart-
ment disposition model. Clearance changes relatively with
weight and organ maturation. Considering the collinearity
of weight and age, the use of the allometric scaled model
combined with a sigmoidal maturation function facilitated
the prediction of mature adult value (70kg) for comparison
across studies. Allometric scaling with an exponent of 0.75
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Fig. 3. Simulated pharmacokinetic profiles of the typical pediatric
patients under different dosage regimens. The simulated plasma
concentration-time curves of 1-4 pg-kg—1 for children (postmen-
strual age 101 weeks, weight 10kg) are shown in A (0-15h) and
B(0-2h). The simulated plasma concentration-time curves receiv-
ing 2 pg-kg—1 intranasal dexmedetomidine are shown in C: (A)
a 3-month-old child (postmenstrual age 53 weeks, body weight
6.8kg), (B) a 6-month-old child (postmenstrual age 66 weeks,
body weight 8.4 kg), () a 9-month-old child (postmenstrual age 79
weeks, body weight 9.3kg), () a 1-y-old child (postmenstrual age
92 weeks, body weight 10.1kg), (E) a 2-y-old child (postmenstrual
age 144 weeks, body weight 12.5kg), (A a 3-y-old child (post-
menstrual age 196 weeks, body weight 14.7 kg). The blue shaded
area represents the target therapeutic window in this study.
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Table 4. Comparison between Pharmacokinetic Parameters of Intranasal Dexmedetomidine in Children

Pharmacokinetic Parameters Current Study Miller et al.® Wang et al.”
Study population 3-36 mo 6-48 mo 4-10yr
(n=137) (n=18) (n=13)
Systemic clearance (| - h~") 9.92 17.88 19.14
Central volume (1) 7.55 3.40 34.2
Intercompartment clearance (I - h™") 61.68 41.88 600
Peripheral volume (1) 7.80 16.99 349
Absorption rate constant (h~") 1.47 0.92 2.27
Lag time (h) 0.021 0.051 —
Bioavailability (%) - 83.8 —
TM,, (wk) 46.5 — —
Y 2.85 — —

The current study represents children with postmenstrual age 101 weeks and body weight 10kg; the pharmacokinetic parameters reported by Miller et al. represent children with

27-month-old and 12.5kg.

describes drug clearance in children over 2 yr of age, but
the allometric exponent then tends to rise with decreas-
ing age.”® Several different methods have been suggested
to account for this trend, but they have produced a similar
model fit.”? We found that the scaled allometric model fit
our data better than the linear model. Therefore, we chose
the sigmoidal maturation function plus allometric scaling as
was used in the study by Potts ef al. so that parameters could
easily be compared.”

The bioavailability of intranasal dexmedetomidine by
atomizer was 83.8% with a systemic clearance of 62.4 1 -
h™" per 70kg in 6- to 44-month-old children,® whereas the
bioavailability was 40.6 to 82% with a systemic clearance of
33.9 to 44 1 - h™! per 70kg in healthy adults.**” However,
the drug dexmedetomidine in the study by Yoo et al.”” was
a more concentrated veterinary formulation, and they used
nasal spray instead of the conventional atomization or simple
drops for drug administration. Therefore, the bioavailability
in the study by Yoo et al. is not comparable. As age-related
dexmedetomidine clearances have been demonstrated by
Potts et al. using both allometric and linear models,” our
apparent clearances estimates were lower than those esti-
mated in older children® and healthy adults,**" but similar to
those reported in the studies by Miller et al. and Wang et al.”*
The terminal elimination parameters in our study are also
consistent with the studies by Miller ef al. and Wang et al.
with a 1.8-h terminal half-life. Ebert ef al. reported signif-
icant changes in cardiac output and heart rate at plasma
concentrations of dexmedetomidine that exceeded 1.2ng -
ml™'7" Although body size and age are the two main factors
contributing to clearance parameter variability, the hemo-
dynamic effects on clearance under a high dosage of intra-
venous dexmedetomidine (1 to 6 pg - kg™') in the study
by Potts et al.* are still worthy of attention. In the study
by Potts et al., data were pooled from four separate studies,
including those involving patients who underwent different
types of surgery, which could contribute to the discrepancy.

Anesthesiology 2022; XXX:00-00

Compared with empirical sampling, optimal design in
conjunction with simulation scenarios has been proven to
improve the precision and accuracy of the pharmacokinetic
parameters of dexmedetomidine.”*? In this study, we used
PopED in R language to determine the optimal design and
produce maximal information in pharmacokinetic analysis
by providing a strategic sampling schedule with a reduced
number of subjects and sampling points in a population of
infants and young children. Five blood samples from the
three groups were obtained within each optimal sampling
window using the D-optimal method. The final pharmaco-
kinetic model provided good accuracy and robustness, with
variability ranging from 5 to 21%.

Adult data suggested that dexmedetomidine-mediated
sedation and analgesia were dose-dependent.** Kim ef al.
found that the effect-site concentration of dexmedetomi-
dine is strongly correlated with the depth of sedation.* They
reported that concentrations of 0.57,0.89,and 1.19ng - ml™
were associated with mild, moderate, and deep levels of
sedation, respectively. The target effect-site concentration
between 0.2 and 0.4ng - ml™' resulted in a significant level
of sedation in healthy volunteers.*>* Potts et al. reported
that children were aroused from dexmedetomidine infusion
sedation at a plasma concentration of 0.304ng - ml™', and
adequate sedation for children in intensive care units was
associated with plasma concentrations of 0.4 and 0.8ng -
ml™" for moderate and deep sedation, respectively.”* Based
on these target concentration values, a dexmedetomidine
plasma concentration between 0.3 and 1.0ng - ml™" was set
as the estimated therapeutic window to produce adequate
sedation in our pediatric cohort after general anesthesia.

The simulation results revealed that intranasal admin-
istration at 2 pg - kg™ dexmedetomidine would reach a
plasma level of 0.45ng - ml™" at 20 min after administration,
whereas 3 pg - kg™! would achieve a plasma level of 0.66 ng -
ml™". Hence, the usual dose of 2 pg - kg™" or above would be
associated with moderate and deep sedation at 20 min after
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drug administration. These doses would be adequate for
nonpainful procedural sedation that lasts for up to 2h.The
simulated C__ obtained by intranasal dexmedetomidine at
3to 4 pg- kg (0.780 to 1.03ng - ml™!) would be similar
to intravenous dexmedetomidine between 1 and 2 pg - kg™!
(0.783 to 1.24ng - ml™').**" Future pharmacokinetic studies
are warranted to validate whether a higher dose of intrana-
sal dexmedetomidine would show dose proportionality, as
we have assumed in our simulations. This protocol could be
transferred into dose-effect—supportive software and guide
individualized treatment in clinical practice.

Nevertheless, this study has several limitations. First,
although conventional covariates were evaluated, they did
not influence the pharmacokinetic parameters. The prob-
able reason was that we enrolled relatively healthy patients
whose baseline laboratory values were almost normal. Given
that dexmedetomidine is metabolized primarily by UGTs
(UGT1A4 and UGT2B10) and CYPs (CYP2A6), infor-
mation on its pharmacogenetics was not available in this
study. Second, despite having used an optimized method
for sampling design, the current data did not produce stable
Ka and lag time estimates. Third, as intravenous dexmede-
tomidine administration was not included in this study, the
bioavailability of intranasally administered dexmedetomi-
dine was not estimated. Last, the simulations in our study
were based on the assumption that the PK profile was lin-
ear concerning the dose. However, the absorption of intra-
nasal dexmedetomidine in children is related to the nasal
mucosal surface area and anatomy. These factors might be
associated with lower bioavailability and behave differently
at high dosages, and point to a need for further intranasal
dose-ranging studies.

Conclusions

Using an optimal sampling schedule in conjunction with
allometrically scaled and maturation models, pharmacoki-
netic parameters of intranasal dexmedetomidine for chil-
dren aged 3 months to 3 yr were comprehensively evaluated.
Model simulations indicated that intranasal administration
at 2 pg - kg™ dexmedetomidine would be associated with
mild to moderate sedation within 20min, and C__ would
be achieved at 61min. This dose would be feasible for
nonpainful procedural sedation that lasts for up to 2h. An
increase in dosage might increase maximum concentrations
and prolong the duration of sedation. Model simulations
with different dosages should be applied to predict individ-
ualized dosing regimens and help to reduce the potential
adverse effects associated with overdose.
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