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Abstract: A universal pharmacokinetic model was developed from pooled paediatric and adult data
(40.6 postmenstrual weeks, 70.8 years, 3.1–152 kg). A three-compartment pharmacokinetic model
with first-order elimination was superior to a two-compartment model to describe these pooled
dexmedetomidine data. Population parameter estimates (population parameter variability%) were
clearance (CL) 0.9 L/min/70 kg (36); intercompartmental clearances (Q2) 1.68 L/min/70 kg (63); Q3
0.62 L/min/70 kg (90); volume of distribution in the central compartment (V1) 25.2 L/70 kg (103.9);
rapidly equilibrating peripheral compartment (V2) 34.4 L/70 kg (41.8); slow equilibrating peripheral
compartment (V3) 65.4 L/70 kg (62). Obesity was best described by fat-free mass for clearances
and normal fat mass for volumes with a factor for fat mass (FfatV) of 0.293. Models describing
dexmedetomidine pharmacokinetics in adults can be applied to children by accounting for size
(allometry) and age (maturation). This universal dexmedetomidine model is applicable to a broad
range of ages and weights: neonates through to obese adults. Lean body weight is a better size
descriptor for dexmedetomidine clearance than total body weight. This parameter set could be
programmed into target-controlled infusion pumps for use in a broad population.

Keywords: anaesthesia; intravenous; dexmedetomidine; children; obesity; total intravenous
anaesthesia (TIVA); target-controlled infusion; pharmacokinetics; pharmacodynamics

1. Introduction

Total intravenous anaesthesia (TIVA) has been widely practiced in adult anaesthesia since the
introduction of propofol into routine clinical practice in 1982. Use of TIVA has expanded from drug
delivery rates (mass infusion rates) that require frequent manual changes by the clinician to maintain
the target concentration. Target-controlled infusion (TCI or “smart”) pumps produce a user-defined
drug concentration in either the plasma (Cp) or at the effect site of action (Ce) [1].

Drug delivery is determined by known pharmacokinetic (PK) parameter sets (e.g., population
clearance (CL) and volume (V) estimates) that are programmed into these target-controlled pumps.
Adult parameter sets are published for propofol [2,3], remifentanil [4], sufentanil [5], alfentanil [6],
dexmedetomidine [7], and ketamine [8]. Parameter sets for children have also been published for
propofol [9,10], remifentanil [11], and dexmedetomidine [12]. However, propofol currently remains
the only drug available for children in many TCI pumps. Due to this scarcity of paediatric PK models
in commercially available TCI pumps, adult PK parameters (e.g., those described by Minto et al. for
remifentanil [4]) continue to be used in TCI pumps for children, despite both V and CL (expressed as
mL/min/kg) decreasing with increasing age [11,13].
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PK models that encompass a wide range of patient groups (e.g., children, adults and the obese)
have been reported for propofol [14] and remifentanil [15]. These newer models use allometric theory,
maturation concepts and consider fat mass in their description as “universal” models. One of the
greatest advantages of these models is simplification of the administration of TCI by allowing a single
model to be able to administer the drug in widely different groups of patients. Dexmedetomidine
PK have been described in divergent groups of patients and conditions (e.g., healthy volunteers [7],
children [12], normal weight and obese adult patients [16,17]). No universal model has been derived
for its administration in TCI.

Dexmedetomidine PK have also been described in children using allometric scaling [18,19]. If an
adult dexmedetomidine PK model that was scaled for size using allometry was applicable to children
older than 1 year, then it should be possible to construct a universal dexmedetomidine PK model using
pooled data applicable to children and adults [20]. This model should also be applicable to obese adults
by considering the nonlinear relationship between fat mass and dexmedetomidine clearance [21].

2. Methods

2.1. Data Sources

Data for development of the universal model were sought from five previously published studies
of dexmedetomidine PK.

1. Hannivoort Model: Hannivoort and colleagues [7] recruited 18 (9 male and 9 female) individuals
18–72 years old with BMI scores between 18 and 30 kg/m2. Dexmedetomidine was delivered using
the Dyck model [22] targeting concentrations of 1, 2, 3, 4, 6, and 8 ng/mL after an initial infusion of
6 µg/kg/h for 10 s. Each step was maintained for 30 min. Blood samples for dexmedetomidine assay
were obtained at 2 minutes after the initial drug infusion, before each increase in target concentration
and at 2, 5, 10, 20, 60, and 120 min after the drug infusion stopped. A large local database [23] was
used to sample 18 individuals representative of the demographics in the Hannivoort population.
Simulated predicted concentrations in these 18 individuals given 2 mcg/kg loading dose over
10 min followed by infusion 1 mcg/kg for 2 h were used to develop the universal model.

2. Potts Model: Potts and colleagues [12] recruited 45 children (22 males and 23 females) after
cardiac surgery. Dexmedetomidine was administered (1–4 µg/kg) over 10 min. Three to four
blood samples were obtained in the first 30 min after infusion. Samples were obtained at 1–2,
3–4, and 6–10 h thereafter. These data were pooled with two other PK studies (n = 34) of
dexmedetomidine [24,25]. These studies are summarised in Supplementary Materials Table S1.

3. Cortinez Model: Cortinez and colleagues [16] recruited 20 obese (BMI >35 kg/m2) and 20
non-obese individuals (BMI 18.5–30 kg/m2, 18–60 years old), undergoing elective laparoscopic
surgery. Dexmedetomidine 0.5 µg/kg was given to all participants for 10 min. Subsequently,
participants were randomised to two infusion regimens: 0.25 or 0.5 µg/kg/h. Doses were based
on total body weight (TBW). Blood samples were obtained at 2, 5, 10, 15, 20, 30, 45, 60, 90, and
120 min during dexmedetomidine infusion and at 0, 2, 5, 10, 20, 30, 60, 90, 120, 240, and 360 min
after the infusion was stopped.

4. Rolle Model: This study enrolled 40 adults (age 18 to 60 years, weights 47 to 126 kg, BMI
18–49 kg/m2) scheduled for abdominal laparoscopic surgery [17]. Dexmedetomidine bolus of
0.5 mcg/kg over 10 min was followed by an infusion of 0.5 mcg/kg/h. Venous blood samples
were drawn at 0, 5, 10, 20, 30, 45, 60 min after the start of dexmedetomidine administration and
thereafter every 30 min during anaesthesia maintenance. Once dexmedetomidine infusion was
stopped at the end of surgery, samples were drawn at the end of dexmedetomidine infusion,
and then 5, 10, 20, 30, 60, 90, 120, 240, 360 min, with a last sample between 720 and 1200 min.

5. Talke Model: Talke and colleagues recruited 10 healthy individuals (21–36 years old and
52–89 kg) [26]. Dexmedetomidine 4 µg/mL was administered for 15 min to target a plasma



J. Clin. Med. 2020, 9, 3480 3 of 13

concentration of 0.3 ng/ml. Blood samples were obtained at 1, 2, 3, 4, 5, 7.5, 10, and 15 min during
drug infusion and 15, 30, and 60 min after the end of the infusion.

2.2. Hannivoort Model Performance in Children Older Than 1 Year

The adult PK model described by Hannivoort and colleagues [7] was used to simulate
dexmedetomidine concentrations in the paediatric population at each time point where there was a
concentration measurement in the data from Potts et al. [19] The predictive performance of this adult
model was assessed using methods proposed by Sheiner and Beal [27]. The prediction error (pe) was
calculated according to Equation (1).

pe =
(
Cp −Co

)
(1)

where C0 is the observed concentration and Cp is the concentration predicted by the adult model.
Precision was evaluated using the root mean squared prediction error (rmse) (Equation (2)).

mse =
1
N

N∑
i=1

pei
2; rmse =

√
mse (2)

The mean prediction error was used to calculate bias (Equation (3)).

me =
1
N

N∑
i=1

pei (3)

2.3. Pooled Data Analysis

These five datasets (Hannivoort [7], Potts [19], Cortinez [28], Rolle [17], Talke [26]) were pooled to
investigate the effects of size, age, and fat mass on descriptive PK and to construct a universal model
applicable to infants, children, and adults including the obese.

2.3.1. Pharmacokinetic Analyses

Two and three-compartment PK models with first order elimination were used to describe
dexmedetomidine PK. These models were parameterised in terms of CL, V, and intercompartmental
clearance (Q). Allometric theory described the relationship between size, structure, and function and
was used to quantify size-related changes in PK parameters [29]. PK parameters (e.g., CL, Q, V) were
standardised to an adult measure of body size (size) with a standard weight of 70 kg using allometric
scaling (Equation (4)) [30–32].

Fsize =
(size

70

)EXP
(4)

CL = CLSTD × Fsize (5)

where Fsize is a variable describing the fractional difference from a standard adult value and EXP is the
allometric exponent, 3

4 for functional processes such as clearance and 1 for volumes. Equation (5) shows
how Fsize can be used to scale a standard value of CL (CLSTD) to predict the value in a given individual.

Population parameter estimates were obtained using nonlinear mixed effects models (NONMEM
7.4 ICON Development Solutions, USA) with first-order conditional estimation and a convergence
criterion set to 3 significant digits.

Population parameter variability (PPV) was accounted for using an exponential model for the
random effect variables (η). This assumes a log-normal distribution and avoids parameter estimates
falling below biologically plausible values. Variables were assumed to have a mean of zero and
variance denoted byω2 (Equation (6)).

Pi = PTV eηi (6)
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where P is the parameter (e.g., CL) for the ith individual, PTV is the typical value for that parameter,
and η is the random effects variable.

Residual unidentified variability (RUV) was modelled using both proportional and additive
residual errors (Equation (7)). The between subject variability (ηRUV,i) of the RUV was also estimated
for both PK and PD data. The population mean parameters, between subject variance and residual
variance, were estimated using the first-order conditional interaction estimate method using ADVAN13
TOL=9 of NONMEM. Convergence criterion was 3 significant digits.

SDij =

√((
Obsij.θRUV_CV

)2
+ (θRUV_SD)

2
)
.eηPPVRUV i (7)

where Obsij is the dexmedetomidine plasma concentration in the ith individual at the jth time.
Individual predictions of dexmedetomidine concentration were calculated using Equation (8) with the
random effects (ε) fixed to 1.

Y = Obsij + SDij·ε (8)

2.3.2. Covariate Analysis for Age and Size

The influence of body composition on the PK parameters CL and V were investigated using total
body mass (kg), fat-free mass (FFM, kg), and normal fat mass (NFM, kg). Measurements of FFM were
available in the Cortinez and Rolle data [16,17] and were determined using dual X-ray absorptiometry.
FFM was not available for the pooled paediatric data. Predictive equations (Equations (9) and (10))
derived by Al-Sallami and colleagues [33]) were used to calculate FFM in this population.

FFM(males) =

0.88 +

 (1− 0.88)[
1 +

(Age
13.4

)−12.7]

 ×

[
(9270 × Weight)

6680 + (216 × BMI)

]
(9)

FFM(females) =

1.11 +

 (1− 1.11)[
1 +

(Age
7.1

)−1.1]

 ×

[
(9270 × Weight)

8780 + (244 × BMI)

]
(10)

For the adult data sourced from Talke [26], FFM was predicted using Equations (11) and (12). [34].

FFM(adult males) =
(

(9270 × Weight)
6680 + (216 × BMI)

)
(11)

FFM(adult females) =
(

(9270 × Weight)
8780 + (244 × BMI)

)
(12)

Normal fat mass (NFM) is a size descriptor based on allometric theory describing contributions
from fat mass and FFM. NFM is FFM plus a component of fat mass, Equation (13), which can be
described using the parameter Ffat; see [21].The effect of FFM on CL and V was assessed by fixing
FFAT to zero (i.e., considering the effect of FFM alone).

FAT = TBW − FFM (13)

NFM = FFM + Ffat × FAT (14)

Allometric body mass can be determined using a standard value for NFM known as NFMSTD.
The standardised value for NFM can be defined using a FFM of 56.1 kg, expected for a male with
a TBM of 70 kg and height of 1.76 m. Theory-based allometric scaling can be used to compare CL
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values for a child in terms of a standardised NFM value, most widely expressed for a 70 kg individual,
with the allometric exponent of 3/4. This is shown in Equation (15).

CLChild = CLSTD ×

(
NFMChild

NFMSTD

)3/4

(15)

The effects of size and body composition on drug PK can be predicted using NFM, allometric
theory, and separation of body mass into its fat and fat-free components [35].

The maturation of dexmedetomidine CL was described using a maturation function (Equation (16))

MF =
PMAHill

TMHill
50 + PMAHill

(16)

where MF is the maturation factor, PMA is postmenstrual age in weeks, TM50 is the maturation
half-time, and the Hill exponent relates to the steepness of the maturation profile [31].

2.3.3. Model Selection

The minimum value of the objective function (OBJ (−2log-likelihood (−2LL))) provided by
NONMEM served as a guide during model building. Model selection was also based on parameter
plausibility and prediction-corrected visual predictive check (PC-VPC) plots [36]. For two nested
models, a decrease in the minimum value of the objective function (∆OBJ) of 3.84 points for an added
parameter was considered significant at the 0.05 level. Shrinkage considers the quality of the observed
data. The term η-shrinkage refers to the between subject variability. When the observed data are
informative, η-shrinkage approaches zero, and when the data are less informative, it approaches
1. Bootstrap methods provided a means to evaluate parameter uncertainty [37]. A total of 1000
bootstrap replications were used to estimate parameter means and confidence intervals. Results from
the population models are presented as parameter estimates, together with their 95%CI. Between
subject parameter variability is expressed as an apparent coefficient of variation obtained from the
square root of the variance estimate (CV (%)).

2.4. Model Simulation

A dexmedetomidine plasma concentration > 0.6 mcg/L is estimated to produce adequate sedation
in adult ICU patients [38]. A target of 1 mcg/L has been estimated for those adults and children
out of the intensive care environment [39,40]. Since dexmedetomidine is commonly used at fixed
infusion rates, we have simulated dexmedetomidine maintenance dose (mcg/kg/h) in a representative
group of patients to achieve a target concentration of 1 mcg/L. Simulations were performed using
typical values as estimates of volumes and clearances with the PKPD Tools software (freely available
at http://pkpdtools.com/).

3. Results

The Hannivoort model [7], when used to predict dexmedetomidine concentrations in the paediatric
cohort, had a precision of 22% and bias of 3.3%. The observed/predicted dexmedetomidine ratios
for the Hannivoort model when used to predict concentrations in the population sourced from Potts
are shown in Supplementary Materials Figure S1. An observed/predicted ratio of 1 would suggest
that the model predictions are identical to observed concentrations. The PC-VPC shown in Figure 1
demonstrated that the Hannivoort three-compartment model [7] predicts concentrations observed by
Potts et al. [19].

http://pkpdtools.com/
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Figure 1. Prediction-corrected visual predictive check (PC-VPC) for dexmedetomidine pharmacokinetics
using the model by Hannivoort [7] with observed dexmedetomidine plasma concentrations sought
from Potts [19]. Plots show median (solid) and 90% intervals (dashed lines). The left-hand plot
shows all prediction-corrected observed dexmedetomidine concentrations. Right-hand plot shows
prediction-corrected percentiles (10%, 50%, and 90%) for observations (grey dashed lines) and predictions
(red dashed lines) with 95% confidence intervals for prediction percentiles (median, pink shading; 5th
and 95th blue shading).

Parameter estimates for the pooled data analysis determining the “universal” model are shown in
Table 1.

Table 1. Dexmedetomidine population pharmacokinetic parameter estimates for the final universal
model. Parameter estimates and population variability displayed as medians determined from 1000
bootstrap estimates.

Parameter Estimate PPV (%) 95% CI Sh%

V1 (L/70 kg) 25.2 103.9 20.9, 31.3 16.4
V2 (L/70kg) 34.4 41.8 24.3, 44.2 15.5
V3 (L/70 kg) 65.4 61.6 53.4, 74.5 8.4

CL (L/min/70 kg) 0.897 35.8 0.81, 1.02 4.1
Q2 (L/min/70kg) 1.68 63.2 1.22, 1.97 12.5
Q3 (L/min/70 kg) 0.62 89.7 0.45, 0.83 21.4

FFATV 0.293 - 0.13, 0.55 -
FFATCL 0 FIX - - -

TM50 52.4 - 43.5, 68.8 -
Hill 1 FIX - - -

Additive Residual
Error (µg/mL) 0.004 ηRUV 0.32 -

Proportional
Residual Error (%) 0.19 - 0.18, 0.20

Volume of distribution: V; clearance: CL; intercompartmental clearance: Q; TM50: maturation halftime; Hill:
exponent describing the steepness of the maturation profile. FFATV: factor on fat for volume; FFATCL: factor on fat
for clearance. Residual unidentified variability: RUV; population parameter variability: PPV%. Sh% = shrinkage.
Size is accounted for using theory-based allometric scaling to a 70 kg individual with the allometric exponents of
3/4 for CL and 1 for V. PPV% =

√variance.

There were 202 individuals with 2145 dexmedetomidine concentrations that were amenable for
modelling in the pooled dexmedetomidine PK analysis. Violin plots illustrate the distribution of
covariates in this pooled population (Figure 2).
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Figure 2. Violin plot showing the distribution of age (years), fat-free mass (kg), weight (kg), and height
(cm) in the pooled dexmedetomidine data used to develop the universal PK model. A box and whisker
plot overlays the violins in blue.

The three-compartment PK model proved superior to the two-compartment model for the pooled
dexmedetomidine analysis (∆OBJ 285.2). Use of allometric scaling was better than per kilogram scaling
(∆OBJ 25.331). Addition of maturation function for clearance further improved the model (∆OBJ
20.058). The best model incorporated allometric scaling of CL and V with the changes in CL due to age
accounted for with a maturation function. FFM proved to be a better PK size descriptor for clearance
than TBW (∆OBJ 40.9). Fat mass had an effect on volume (FfatV = 0.293). The PC-VPC for the universal
dexmedetomidine model is shown in Figure 3. The maturation of dexmedetomidine CL is shown in
Figure 4 when scaled using FFM and in Supplementary Figure S2 when scaled using TBW. The slope
of this maturation function, defined by the Hill exponent, was initially estimated as 1.15 (95%CI 0.79,
1.90). Fixing this parameter to unity resulted in a minimal objective function increase (∆OBJ 2.1) and
no change in model performance.

Figure 3. Prediction-corrected visual predictive check (PC-VPC) for the universal dexmedetomidine
PK model. Model developed using pooled paediatric [19] and adult [16,26] dexmedetomidine
plasma concentrations. Plots show median (solid) and 90% intervals (dashed lines). The left-hand
plot shows all prediction-corrected observed dexmedetomidine concentrations. Right-hand plot
shows prediction-corrected percentiles (10%, 50%, and 90%) for observations (grey dashed lines) and
predictions (red dashed lines) with 95% confidence intervals for prediction percentiles (median, pink
shading; 5th and 95th blue shading).
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Figure 4. Maturation of dexmedetomidine clearance when scaled using fat-free mass, determined from
pooled published data.

The ratio of the between subject variability (BSV) predictable from covariates (BSVP) to the total
population parameter variability obtained without covariate analysis (PPVt) gives an indication about
how important covariate information is (Table 2). BSVR is the random BSV estimated on a parameter
when covariate analysis is included. The ratio of 0.867 achieved for clearance in this current study
indicates that 86.7% of the overall variability in clearance is predictable from covariate information;
most is attributable to allometric scaling (83.8%). The use of FFM for size had minor impact on clearance
between subject variability (1.5%). The use of TBW, expressed as per kilogram (or using allometry with
an exponent of 1), contributed only 32% of central volume of distribution between subject variability,
but 82% on V2 between subject variability.

Table 2. Effect of covariate analysis on variance (ω2). Impact of each covariate on CL when added
sequentially to the model.

Sequential Nested Model PPVt2 BSVR2 BSVP2 BSVP2/PPVt2

Clearance
no covariates 0.861 * 0.861 * 0 0
TBW with allometric scaling (EXP = 3/4) 0.861 * 0.140 0.721 0.838
TBW with PMA on CL 0.861 * 0.136 0.725 0.842
FFM with PMA on CL 0.861 * 0.114 0.747 0.867
Central compartment (V1)
no covariates 1.5 * 1.5* 0 0
TBW allometric scaling (EXP = 1) 1.5 * 1.02 0.48 0.320
Peripheral compartment (V2)
no covariates 1.46 * 1.46* 0 0
TBW allometric scaling (EXP = 1) 1.46 * 0.25 1.209 0.823

* = assumed from no covariate model estimate. PPVt is the total population variability; BSVR is the random BSV
estimated on a parameter when covariate analysis is included; BSVP is the population between subject variability;
TBW is total body weight; PMA is postmenstrual age; FFM is fat free mass.

Dexmedetomidine maintenance infusion rates that maintain a simulated plasma concentration of
1 mcg/L are shown in Figure 5 and Table 3.
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Figure 5. Simulated per kilo (TBW) dexmedetomidine maintenance infusion rates to maintain plasma
concentration of 1 mcg/L. Infusion rates are affected by the effects of maturation and size in metabolic
clearance. Clearance in term neonates is 42% of adult values, reaching 80% by 3 years of age. Allometric
relationships between size and clearance explain the decrease in infusion rates (mcg/kg/min) in patients
older than 3 years.

Table 3. Dexmedetomidine maintenance infusion rates, determined using simulation, that maintain
plasma concentration of 1 mcg/L. The loading dose was given over 30 min and the maintenance infusion
scheme was designed to maintain dexmedetomidine a plasma concentration of 1 mcg/L.

Age Weight (kg) Height (cm) Clearance (L/min) Loading Dose (mcg/kg) Maintenance (mcg/kg/h)

Term neonate 3.6 50 0.05 0.40 0.77
3 months 6 62 0.08 0.38 0.80
6 months 7.8 67 0.11 0.37 0.81

1 year 10 75 0.15 0.37 0.88
3 years 14 95 0.25 0.40 1.04
6 years 21 115 0.36 0.39 1.02
12 years 40 149 0.60 0.35 0.90
20 years 70 175 0.87 0.31 0.75

Infusion rates are affected by the effects of maturation and size on metabolic clearance. Clearance in
term neonates is 42% of adult values, reaching 80% by 3 years of age. Allometric relationships between
size and clearance explain the decrease in infusion rates (mcg/kg/min) in patients older than 3 years.

4. Discussion

Size and age were the two main covariates to describe variability in the dexmedetomidine data.
We have derived a universal population PK model for dexmedetomidine that is applicable to both
children and adults with a wide range of weights. We have shown that an adult model describing
dexmedetomidine PK is adequate for use in children out of infancy, justifying the use of allometric
theory. Size changes between individuals were explained by normal growth and the impact of obesity.
The influence of size on dexmedetomidine PK was investigated with different scalars (TBW, FFM,
NFM) using allometry. FFM is a measure that closely approximates lean body weight (LBW). FFM was
a better size descriptor than TBW for clearance, consistent with other reports that have demonstrated
LBW to be a suitable size descriptor to scale doses in obese patients [17]. In addition NFM, a scalar
that allows adding a fraction of fat mass to FFM, was the most suitable size descriptor to describe
dexmedetomidine changes in volumes of distribution.

Dexmedetomidine is metabolised in the liver by UGT1A4 and UGT2B10, aliphatic hydroxylation
(CYP 2A6), and N–methylation (CYP2D6) [41]. There appears to be no evidence that dexmedetomidine
interferes with the clearance of other medications that are substrates for CYP2D6 metabolism [42].
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Dexmedetomidine is 93% protein-bound in children [24,41]. Most clinical PK studies of dexmedetomidine
have been modelled using a two-compartment model. The rich data obtained in development of the
Hannivoort model [7] made best use of a three-compartment model. Dexmedetomidine PK using pooled
data were also better described with a three-compartment disposition model.

The clearance estimate of 0.9 (90% CI 0.81, 1.02) L/min/70kg using FFM as a scaler (56.1 kg, expected
for a male with a TBM of 70 kg and height of 1.76 m) was consistent with that from Hannivoort for
adults (41.16 L/h/70kg) [7] and Potts for children (42.1 95% CI 38.7, 45.8 L/h/70 kg; 0.7 L/min/70kg) [19].
The central compartment volume (V1) estimated in the Hannivoort study in healthy adults was small
(1.78 L/70 kg), possibly due to the target concentration administration method and early blood sampling
for assay [7]. Dexmedetomidine PK has been studied in adults, with similar three-compartment
structural models yielding central volumes larger than 8 L [43–47]. A pooled study [19] in children
obtained a V1 estimate of 56.3 L/70 kg, consistent with similar studies conducted in neonates, infants,
and children [19,48–51]. Some of these data were sourced from children in intensive care, but estimates
were similar to children out of intensive care and to adult intensive care patients. The central volume
estimate for the current pooled analysis of 25.2 L/70 kg (CV% 104%; 95% CI 20.9, 31.3) is a more
realistic value for a diverse population of patients than that reported by Hannivoort of 1.78 L/70 kg for
healthy adults.

Haemodynamic changes induced by dexmedetomidine can produce peripheral vasoconstriction
and reflex bradycardia, with a consequent reduction of V1. Dexmedetomidine produces a biphasic
haemodynamic response [18], with hypotension at low plasma concentrations and hypertension at
higher plasma concentrations. Hypertension predominates at the concentrations above 2.0 ng/ml that
were frequently observed in the Hannivoort study. While vasoconstriction may contribute to the small
V1 observed in the aforementioned study [7], a more important consideration is the haemodynamic
instability induced by rapid infusion. It is for this reason that loading dose was estimated using
simulated infusion over 30 min. Clearance is the main determinant of infusion rate. Consequently,
infusion rates are affected by maturation and size. Clearance in term neonates is 42% of adult values,
reaching 80% by 3 years of age. Allometric relationships between size and clearance explain the
decrease in infusion rates (mcg/kg/min) in patients older than 3 years. Most enzyme systems responsible
for metabolic dexmedetomidine clearance (e.g., glucuronidation (UGT 2B10, UGT1A4)) and by the
cytochrome P450 (CYP 2A6) system [52]) are immature at birth and mature within the first few years
of life. Consequently, drug CL is reduced at birth, but by the age of 1–2 years, it is greater than that
observed in older children and adolescents (when expressed as per kilogram per unit of time).

We investigated the effect of body composition on dexmedetomidine PK using the distinction
between fat and FFM. Measurements of FFM were only available from the Rolle [17] and Cortinez [28]
data; FFM was predicted for all other individuals. There is unaccounted variability associated with
these predictions, often attributed to the population characteristics and reference FFM measure by
which the predictive formulae are derived. Estimates based on those proposed by Al-Sallami [33] are
based on a population of children 3–11 years old and have not been validated in children under 3 years,
an inconsistency also currently common to remifentanil universal models.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/11/3480/s1,
Table S1: Study characteristics from the pooled paediatric data used to develop the original dexmedetomidine
Potts PK model. Data represent count or mean (range). Table adapted from Potts [19]. Figure S1: Time profiles
of the observed/predicted ratios of dexmedetomidine plasma concentrations determined using the model by
Hannivoort et al. [7]. Observed data were sourced from Potts 2009 [19]. Each blue line represents a single
participant. The broken grey lines demonstrate the acceptable range of dexmedetomidine observed/predicted
ratios. The solid black line represents optimal predictive performance of the model (i.e., identical observed and
predicted values). The red line demonstrates the median observed/predicted ratio and was determined with a loess
smoothing function. Figure S2: Maturation of dexmedetomidine clearance when scaled using total body weight.

Author Contributions: J.D.M., L.I.C. and B.J.A. contributed to conceptualization, methodology, formal analysis,
and writing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

http://www.mdpi.com/2077-0383/9/11/3480/s1


J. Clin. Med. 2020, 9, 3480 11 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Anderson, B.J.; Bagshaw, O. Practicalities of total intravenous anesthesia and target-controlled infusion in
children. Anesthesiology 2019, 131, 164–185. [CrossRef] [PubMed]

2. Schnider, T.W.; Minto, C.F.; Gambus, P.L.; Andresen, C.; Goodale, D.B.; Shafer, S.L.; Youngs, E.J. The influence
of method of administration and covariates on the pharmacokinetics of propofol in adult volunteers.
Anesthesiology 1998, 88, 1170–1182. [CrossRef] [PubMed]

3. Gray, J.M.; Kenny, G.N. Development of the technology for ‘Diprifusor’ TCI systems. Anaesthesia 1998, 53
(Suppl 1), 22–27. [CrossRef]

4. Minto, C.F.; Schnider, T.W.; Egan, T.D.; Youngs, E.; Lemmens, H.J.; Gambus, P.L.; Billard, V.; Hoke, J.F.;
Moore, K.H.; Hermann, D.J.; et al. Influence of age and gender on the pharmacokinetics and
pharmacodynamics of remifentanil. I. Model development. Anesthesiology 1997, 86, 10–23. [CrossRef]
[PubMed]

5. Gepts, E.; Shafer, S.L.; Camu, F.; Stanski, D.R.; Woestenborghs, R.; Van Peer, A.; Heykants, J.J. Linearity
of pharmacokinetics and model estimation of sufentanil. Anesthesiology 1995, 83, 1194–1204. [CrossRef]
[PubMed]

6. Maitre, P.O.; Ausems, M.E.; Vozeh, S.; Stanski, D.R. Evaluating the accuracy of using population
pharmacokinetic data to predict plasma concentrations of alfentanil. Anesthesiology 1988, 68, 59–67. [CrossRef]
[PubMed]

7. Hannivoort, L.N.; Eleveld, D.J.; Proost, J.H.; Reyntjens, K.M.; Absalom, A.R.; Vereecke, H.E.; Struys, M.M.
Development of an Optimized Pharmacokinetic Model of Dexmedetomidine Using Target-controlled Infusion
in Healthy Volunteers. Anesthesiology 2015, 123, 357–367. [CrossRef]

8. Ihmsen, H.; Geisslinger, G.; Schuttler, J. Stereoselective pharmacokinetics of ketamine: R(-)-ketamine inhibits
the elimination of S(+)-ketamine. Clin. Pharmacol. Ther. 2001, 70, 431–438. [CrossRef]

9. Kataria, B.K.; Ved, S.A.; Nicodemus, H.F.; Hoy, G.R.; Lea, D.; Dubois, M.Y.; Mandema, J.W.; Shafer, S.L. The
pharmacokinetics of propofol in children using three different data analysis approaches. Anesthesiology 1994,
80, 104–122. [CrossRef]

10. Marsh, B.; White, M.; Morton, N.; Kenny, G.N. Pharmacokinetic model driven infusion of propofol in
children. Brit. J. Anaesth. 1991, 67, 41–48. [CrossRef]

11. Rigby-Jones, A.E.; Priston, M.J.; Sneyd, J.R.; McCabe, A.P.; Davis, G.I.; Tooley, M.A.; Thorne, G.C.; Wolf, A.R.
Remifentanil-midazolam sedation for paediatric patients receiving mechanical ventilation after cardiac
surgery. Brit. J. Anaesth. 2007, 99, 252–261. [CrossRef] [PubMed]

12. Potts, A.L.; Warman, G.R.; Anderson, B.J. Dexmedetomidine disposition in children: A population analysis.
Pediatr. Anesth. 2008, 18, 722–730. [CrossRef]

13. Ross, A.K.; Davis, P.J.; Dear, G.D.; Ginsberg, B.; McGowan, F.X.; Stiller, R.D.; Henson, L.G.; Huffman, C.;
Muir, K.T. Pharmacokinetics of remifentanil in anesthetized pediatric patients undergoing elective surgery
or diagnostic procedures. Anesth. Analg. 2001, 93, 1393–1401. [CrossRef] [PubMed]

14. Eleveld, D.J.; Proost, J.H.; Cortinez, L.I.; Absalom, A.R.; Struys, M.M. A general purpose pharmacokinetic
model for propofol. Anesth. Analg. 2014, 118, 1221–1237. [CrossRef]

15. Eleveld, D.J.; Proost, J.H.; Vereecke, H.; Absalom, A.R.; Olofsen, E.; Vuyk, J.; Struys, M. An allometric model
of remifentanil pharmacokinetics and pharmacodynamics. Anesthesiology 2017, 126, 1005–1018. [CrossRef]
[PubMed]

16. Cortinez, L.I.; Anderson, B.J.; Holford, N.H.; Puga, V.; de la Fuente, N.; Auad, H.; Solari, S.; Allende, F.A.;
Ibacache, M. Dexmedetomidine pharmacokinetics in the obese. Eur. J. Clin. Pharmacol. 2015, 71, 1501–1508.
[CrossRef] [PubMed]

17. Rolle, A.; Paredes, S.; Cortinez, L.I.; Anderson, B.J.; Quezada, N.; Solari, S.; Allende, F.; Torres, J.; Cabrera, D.;
Contreras, V.; et al. Dexmedetomidine metabolic clearance is not affected by fat mass in obese patients.
Br. J. Anaesth. 2018, 120, 969–977. [CrossRef]

18. Potts, A.L.; Anderson, B.J.; Holford, N.H.; Vu, T.C.; Warman, G.R. Dexmedetomidine hemodynamics in
children after cardiac surgery. Pediatr. Anesth. 2010, 20, 425–433. [CrossRef]

http://dx.doi.org/10.1097/ALN.0000000000002657
http://www.ncbi.nlm.nih.gov/pubmed/30920966
http://dx.doi.org/10.1097/00000542-199805000-00006
http://www.ncbi.nlm.nih.gov/pubmed/9605675
http://dx.doi.org/10.1111/j.1365-2044.1998.53s114.x
http://dx.doi.org/10.1097/00000542-199701000-00004
http://www.ncbi.nlm.nih.gov/pubmed/9009935
http://dx.doi.org/10.1097/00000542-199512000-00010
http://www.ncbi.nlm.nih.gov/pubmed/8533912
http://dx.doi.org/10.1097/00000542-198801000-00010
http://www.ncbi.nlm.nih.gov/pubmed/3122601
http://dx.doi.org/10.1097/ALN.0000000000000740
http://dx.doi.org/10.1067/mcp.2001.119722
http://dx.doi.org/10.1097/00000542-199401000-00018
http://dx.doi.org/10.1093/bja/67.1.41
http://dx.doi.org/10.1093/bja/aem135
http://www.ncbi.nlm.nih.gov/pubmed/17578905
http://dx.doi.org/10.1111/j.1460-9592.2008.02653.x
http://dx.doi.org/10.1097/00000539-200112000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11726413
http://dx.doi.org/10.1213/ANE.0000000000000165
http://dx.doi.org/10.1097/ALN.0000000000001634
http://www.ncbi.nlm.nih.gov/pubmed/28509794
http://dx.doi.org/10.1007/s00228-015-1948-2
http://www.ncbi.nlm.nih.gov/pubmed/26407689
http://dx.doi.org/10.1016/j.bja.2018.01.040
http://dx.doi.org/10.1111/j.1460-9592.2010.03285.x


J. Clin. Med. 2020, 9, 3480 12 of 13

19. Potts, A.L.; Anderson, B.J.; Warman, G.R.; Lerman, J.; Diaz, S.M.; Vilo, S. Dexmedetomidine pharmacokinetics
in pediatric intensive care—A pooled analysis. Pediatr. Anesth. 2009, 19, 1119–1129. [CrossRef]

20. Holford, N.; Heo, Y.A.; Anderson, B. A pharmacokinetic standard for babies and adults. J. Pharm. Sci. 2013,
102, 2941–2952. [CrossRef]

21. Holford, N.H.G.; Anderson, B.J. Allometric size: The scientific theory and extension to normal fat mass. Eur.
J. Pharm. Sci. 2017, 109S, S59–S64. [CrossRef]

22. Dyck, J.B.M.D.; Maze, M.; Haack, C.; Vuorilehto, L.; Shafer, S.L. The Pharmacokinetics and Hemodynamic
Effects of Intravenous and Intramuscular Dexmedetomidine Hydrochloride in Adult Human Volunteers.
Anesthesiology 1993, 78, 813–820. [CrossRef] [PubMed]

23. Sumpter, A.L.; Holford, N.H.G. Predicting weight using postmenstrual age–neonates to adults. Pediatr. Anesth.
2011, 21, 309–315. [CrossRef]

24. Petroz, G.C.; Sikich, N.; James, M.; van Dyk, H.; Shafer, S.L.; Schily, M.; Lerman, J. A phase I, two-center
study of the pharmacokinetics and pharmacodynamics of dexmedetomidine in children. Anesthesiology 2006,
105, 1098–1110. [CrossRef] [PubMed]

25. Vilo, S.; Rautiainen, P.; Kaisti, K.; Aantaa, R.; Scheinin, M.; Manner, T.; Olkkola, K.T. Pharmacokinetics of
intravenous dexmedetomidine in children under 11 yr of age. Br. J. Anaesth. 2008, 100, 697–700. [CrossRef]
[PubMed]

26. Talke, P.; Anderson, B.J. Pharmacokinetics and pharmacodynamics of dexmedetomidine-induced
vasoconstriction in healthy volunteers. Br. J. Clin. Pharmacol. 2018, 84, 1364–1372. [CrossRef] [PubMed]

27. Sheiner, L.B.; Beal, S.L.J. Some suggestions for measuring predictive performance. J. Pharmacokinet. Biopharm.
1981, 9, 503–512. [CrossRef]

28. Cortinez, L.I.; Anderson, B.J.; Penna, A.; Olivares, L.; Munoz, H.R.; Holford, N.H.; Struys, M.M.; Sepulveda, P.
Influence of obesity on propofol pharmacokinetics: Derivation of a pharmacokinetic model. Brit. J. Anaesth.
2010, 105, 448–456. [CrossRef]

29. Anderson, B.J.; Holford, N.H. What is the best size predictor for dose in the obese child? Pediatr. Anesth.
2017, 27, 1176–1184. [CrossRef]

30. Anderson, B.J.; Meakin, G.H. Scaling for size: Some implications for paediatric anaesthesia dosing.
Pediatr. Anesth. 2002, 12, 205–219. [CrossRef]

31. Anderson, B.J.; Holford, N.H. Mechanism-based concepts of size and maturity in pharmacokinetics. Annu. Rev.
Pharmacol. Toxicol. 2008, 48, 303–332. [CrossRef] [PubMed]

32. Holford, N.H. A size standard for pharmacokinetics. Clin. Pharmacokinet. 1996, 30, 329–332. [CrossRef]
[PubMed]

33. Al-Sallami, H.S.; Goulding, A.; Grant, A.; Taylor, R.; Holford, N.; Duffull, S.B. Prediction of Fat-Free Mass in
Children. Clin. Pharmacokinet. 2015, 54, 1169–1178. [CrossRef]

34. Janmahasatian, S.; Duffull, S.B.; Ash, S.; Ward, L.C.; Byrne, N.M.; Green, B. Quantification of lean bodyweight.
Clin. Pharmacokinet. 2005, 44, 1051–1065. [CrossRef]

35. Anderson, B.J.; Holford, N.H.G. Mechanistic basis of using body size and maturation to predict clearance in
humans. Drug Metab. Pharmacokinet. 2009, 24, 25–36. [CrossRef] [PubMed]

36. Nguyen, T.H.; Mouksassi, M.S.; Holford, N.; Al-Huniti, N.; Freedman, I.; Hooker, A.C.; John, J.; Karlsson, M.O.;
Mould, D.R.; Perez Ruixo, J.J.; et al. Model Evaluation of Continuous Data Pharmacometric Models: Metrics
and Graphics. CPT Pharmacometrics Syst. Pharmacol. 2017, 6, 87–109. [CrossRef]

37. Efron, B.; Tibshirani, R. Bootstrap methods for standard errors, confidence intervals, and other measures of
statistical accuracy. Stat. Sci. 1986, 1, 54–77. [CrossRef]

38. Hsu, Y.W.; Cortinez, L.I.; Robertson, K.M.; Keifer, J.C.; Sum-Ping, S.T.; Moretti, E.W.; Young, C.C.; Wright, D.R.;
Macleod, D.B.; Somma, J. Dexmedetomidine pharmacodynamics: Part I: Crossover comparison of the
respiratory effects of dexmedetomidine and remifentanil in healthy volunteers. Anesthesiology 2004, 101,
1066–1076. [CrossRef]

39. Li, A.; Yuen, V.M.; Goulay-Dufay, S.; Sheng, Y.; Standing, J.F.; Kwok, P.C.L.; Leung, M.K.M.; Leung, A.S.;
Wong, I.C.K.; Irwin, M.G. Pharmacokinetic and pharmacodynamic study of intranasal and intravenous
dexmedetomidine. Br. J. Anaesth. 2018, 120, 960–968. [CrossRef]

40. Colin, P.J.; Hannivoort, L.N.; Eleveld, D.J.; Reyntjens, K.; Absalom, A.R.; Vereecke, H.E.M.; Struys, M.
Dexmedetomidine pharmacokinetic-pharmacodynamic modelling in healthy volunteers: 1. Influence of
arousal on bispectral index and sedation. Br. J. Anaesth. 2017, 119, 200–210. [CrossRef]

http://dx.doi.org/10.1111/j.1460-9592.2009.03133.x
http://dx.doi.org/10.1002/jps.23574
http://dx.doi.org/10.1016/j.ejps.2017.05.056
http://dx.doi.org/10.1097/00000542-199305000-00002
http://www.ncbi.nlm.nih.gov/pubmed/8098190
http://dx.doi.org/10.1111/j.1460-9592.2011.03534.x
http://dx.doi.org/10.1097/00000542-200612000-00009
http://www.ncbi.nlm.nih.gov/pubmed/17122572
http://dx.doi.org/10.1093/bja/aen070
http://www.ncbi.nlm.nih.gov/pubmed/18378546
http://dx.doi.org/10.1111/bcp.13571
http://www.ncbi.nlm.nih.gov/pubmed/29495085
http://dx.doi.org/10.1007/BF01060893
http://dx.doi.org/10.1093/bja/aeq195
http://dx.doi.org/10.1111/pan.13272
http://dx.doi.org/10.1046/j.1460-9592.2002.00616.x
http://dx.doi.org/10.1146/annurev.pharmtox.48.113006.094708
http://www.ncbi.nlm.nih.gov/pubmed/17914927
http://dx.doi.org/10.2165/00003088-199630050-00001
http://www.ncbi.nlm.nih.gov/pubmed/8743333
http://dx.doi.org/10.1007/s40262-015-0277-z
http://dx.doi.org/10.2165/00003088-200544100-00004
http://dx.doi.org/10.2133/dmpk.24.25
http://www.ncbi.nlm.nih.gov/pubmed/19252334
http://dx.doi.org/10.1002/psp4.12161
http://dx.doi.org/10.1214/ss/1177013815
http://dx.doi.org/10.1097/00000542-200411000-00005
http://dx.doi.org/10.1016/j.bja.2017.11.100
http://dx.doi.org/10.1093/bja/aex085


J. Clin. Med. 2020, 9, 3480 13 of 13

41. Bhana, N.; Goa, K.L.; McClellan, K.J. Dexmedetomidine. Drugs 2000, 59, 263–268. [CrossRef] [PubMed]
42. Mantz, J. Dexmedetomidine. Drugs. Today 1999, 35, 151–157. [CrossRef] [PubMed]
43. Dyck, J.B.; Maze, M.; Haack, C.; Azarnoff, D.L.; Vuorilehto, L.; Shafer, S.L. Computer-controlled infusion of

intravenous dexmedetomidine hydrochloride in adult human volunteers. Anesthesiology 1993, 78, 821–828.
[CrossRef] [PubMed]

44. Dutta, S.; Karol, M.D.; Cohen, T.; Jones, R.M.; Mant, T. Effect of dexmedetomidine on propofol requirements
in healthy subjects. J. Pharm. Sci. 2001, 90, 172–181. [CrossRef]

45. Talke, P.; Richardson, C.A.; Scheinin, M.; Fisher, D.M. Postoperative pharmacokinetics and sympatholytic
effects of dexmedetomidine. Anesth. Analg. 1997, 85, 1136–1142. [CrossRef]

46. Lin, L.; Guo, X.; Zhang, M.Z.; Qu, C.J.; Sun, Y.; Bai, J. Pharmacokinetics of dexmedetomidine in Chinese
post-surgical intensive care unit patients. Acta Anaesthesiol. Scand. 2011, 55, 359–367. [CrossRef] [PubMed]

47. Valitalo, P.A.; Ahtola-Satila, T.; Wighton, A.; Sarapohja, T.; Pohjanjousi, P.; Garratt, C. Population
pharmacokinetics of dexmedetomidine in critically ill patients. Clin. Drug Investig. 2013, 33, 579–587.
[CrossRef]

48. Perez-Guille, M.G.; Toledo-Lopez, A.; Rivera-Espinosa, L.; Alemon-Medina, R.; Murata, C.; Lares-Asseff, I.;
Chavez-Pacheco, J.L.; Gomez-Garduno, J.; Zamora Gutierrez, A.L.; Orozco-Galicia, C.; et al. Population
pharmacokinetics and pharmacodynamics of dexmedetomidine in children undergoing ambulatory surgery.
Anesth. Analg. 2018, 127, 716–723. [CrossRef]

49. Su, F.; Nicolson, S.C.; Gastonguay, M.R.; Barrett, J.S.; Adamson, P.C.; Kang, D.S.; Godinez, R.I.; Zuppa, A.F.
Population pharmacokinetics of dexmedetomidine in infants after open heart surgery. Anesth. Analg. 2010,
110, 1383–1392. [CrossRef] [PubMed]

50. Chrysostomou, C.; Schulman, S.R.; Herrera Castellanos, M.; Cofer, B.E.; Mitra, S.; da Rocha, M.G.;
Wisemandle, W.A.; Gramlich, L. A phase II/III, multicenter, safety, efficacy, and pharmacokinetic study of
dexmedetomidine in preterm and term neonates. J. Pediatr. 2014, 164, 276–282. [CrossRef]

51. Greenberg, R.G.; Wu, H.; Laughon, M.; Capparelli, E.; Rowe, S.; Zimmerman, K.O.; Smith, P.B.;
Cohen-Wolkowiez, M. Population Pharmacokinetics of Dexmedetomidine in Infants. J. Clin. Pharmacol.
2017, 57, 1174–1182. [CrossRef] [PubMed]

52. Weerink, M.A.S.; Struys, M.; Hannivoort, L.N.; Barends, C.R.M.; Absalom, A.R.; Colin, P. Clinical pharmacokinetics
and pharmacodynamics of dexmedetomidine. Clin. Pharmacokinet. 2017, 56, 893–913. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2165/00003495-200059020-00012
http://www.ncbi.nlm.nih.gov/pubmed/10730549
http://dx.doi.org/10.1358/dot.1999.35.3.533844
http://www.ncbi.nlm.nih.gov/pubmed/12973380
http://dx.doi.org/10.1097/00000542-199305000-00003
http://www.ncbi.nlm.nih.gov/pubmed/8098191
http://dx.doi.org/10.1002/1520-6017(200102)90:2&lt;172::AID-JPS8&gt;3.0.CO;2-J
http://dx.doi.org/10.1213/00000539-199711000-00033
http://dx.doi.org/10.1111/j.1399-6576.2010.02392.x
http://www.ncbi.nlm.nih.gov/pubmed/21288220
http://dx.doi.org/10.1007/s40261-013-0101-1
http://dx.doi.org/10.1213/ANE.0000000000003413
http://dx.doi.org/10.1213/ANE.0b013e3181d783c8
http://www.ncbi.nlm.nih.gov/pubmed/20418300
http://dx.doi.org/10.1016/j.jpeds.2013.10.002
http://dx.doi.org/10.1002/jcph.904
http://www.ncbi.nlm.nih.gov/pubmed/28444697
http://dx.doi.org/10.1007/s40262-017-0507-7
http://www.ncbi.nlm.nih.gov/pubmed/28105598
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Data Sources 
	Hannivoort Model Performance in Children Older Than 1 Year 
	Pooled Data Analysis 
	Pharmacokinetic Analyses 
	Covariate Analysis for Age and Size 
	Model Selection 

	Model Simulation 

	Results 
	Discussion 
	References

