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AIMS
One barrier contributing to the lack of pharmacokinetic (PK) data in paediatric populations is the need for serial sampling. Analysis
of clinically obtained specimens and data may overcome this barrier. To add evidence for the feasibility of this approach, we
sought to determine PK parameters for fentanyl in children after cardiac surgery using specimens and data generated in the
course of clinical care, without collecting additional blood samples.

METHODS
We measured fentanyl concentrations in plasma from leftover clinically-obtained specimens in 130 paediatric cardiac surgery
patients and successfully generated a PK dataset using drug dosing data extracted from electronic medical records. Using a
population PK approach, we estimated PK parameters for this population, assessed model goodness-of-fit and internal model
validation, and performed subset data analyses. Through simulation studies, we compared predicted fentanyl concentrations
using model-driven weight-adjusted per kg vs. fixed per kg fentanyl dosing.

RESULTS
Fentanyl clearance for a 6.4 kg child, the median weight in our cohort, is 5.7 l h–1 (2.2–9.2 l h–1), similar to values found in prior
formal PK studies. Model assessment and subset analyses indicated the model adequately fit the data. Of the covariates studied,
only weight significantly impacted fentanyl kinetics, but substantial inter-individual variability remained. In simulation studies,
model-driven weight-adjusted per kg fentanyl dosing led to more consistent therapeutic fentanyl concentrations than fixed per
kg dosing.

CONCLUSIONS
We show here that population PK modelling using sparse remnant samples and electronic medical records data provides a
powerful tool for assessment of drug kinetics and generation of individualized dosing regimens.
© 2016 The British Pharmacological Society DOI:10.1111/bcp.12903
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Pharmacokinetic (PK) parameters are largely unknown for paediatric populations.
• A major barrier to paediatric PK research is the need for serial blood sampling.

WHAT THIS STUDY ADDS
• We estimated fentanyl PK parameters for children using only remnant plasma specimens and electronic medical records data.
• Model-driven weight-adjusted per kg fentanyl dosing led to more consistent therapeutic fentanyl concentrations than fixed per
kg dosing in simulations.

• PK modelling using clinically-generated specimens and data is a feasible and powerful tool for personalized dosing.
Introduction
Fentanyl is a synthetic opioid pain reliever FDA approved for
children over 2 years of age for perioperative analgesia. It is
commonly used off-label in younger children and for pain
management over the course of recovery after surgery and is
typically given intravenously through continuous infusion
and/or intermittent bolus dosing. Due to benefits such as
rapid analgesia, haemodynamic stability and low frequency
of side effects, fentanyl is one of the analgesic agents of
choice after cardiac surgery in children [1].

Fentanyl pharmacokinetic (PK) data for paediatric
patients are limited. Studies to date indicate that fentanyl
clearance is age dependent [2–5], affected by cardiac surgery
[6, 7] and highly variable [3–5, 8–10]. One barrier to further
study of the factors influencing this variability is the need
for serial invasive blood sampling for PK analysis. Some par-
ents may not provide consent for their child to participate
due to the pain of additional blood draws, and the smallest
Figure 1
Traditional vs. population pharmacokinetic (PK) analyses. In traditional PK s
administered a drug. Serial samples are obtained to determine drug conce
are calculated. These parameters determine fixed dosing regimens for the
tients are required and often include patients who are being treated with th
each patient and are obtained at variable times after drug doses are given. T
covariates that are determined to influence drug kinetics
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or most critically ill children may be excluded from PK stud-
ies. To overcome this obstacle, it has been proposed that pop-
ulation PK modelling can be applied to residual (‘remnant’)
clinical specimens, i.e. plasma left over after clinical testing
is complete [11, 12]. In contrast to traditional PK, population
PK methods allow analysis of sparse sampling data obtained
at variable time points after drug dosing in diverse patient
populations (Figure 1) [13, 14]. This methodology also as-
sesses the impact of covariates such as demographic, clinical,
or genetic factors on PK parameters, enabling development of
individualized dosing regimens based on those factors.

In this study, we collected plasma from remnant clinical
specimens for a cohort of paediatric participants hospitalized
for cardiac surgery. Using measured fentanyl concentrations
from the remnant specimens and dosing data from electronic
medical records (EMRs), we were able to generate a complex
dataset for population PK modelling. We performed popula-
tion PK analyses for fentanyl, determined covariates affecting
fentanyl PK and simulated fentanyl concentrations to
tudies (top), small cohorts of patients, often healthy volunteers, are
ntration at precise times after the dose, from which PK parameters
study drug. In population PK studies (bottom), larger cohorts of pa-
e study drug as part of clinical care. Fewer samples are obtained from
hese data are used to determine model based dosing, incorporating
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compare model-driven weight-adjusted per kg vs. fixed per kg
dosing regimens. Our findings indicate this approach is feasi-
ble and may be useful for dose individualization.
Methods

Study design
This study was approved by the Vanderbilt University Medi-
cal Center (VUMC) Institutional Review Board. Eligible par-
ticipants were any patient with congenital heart disease
scheduled to undergo a corrective or palliative operative pro-
cedure at our institution. Parents provided written consent
for their child’s participation, and informed assent was also
obtained when appropriate. Enrolment with remnant speci-
men collection began in July of 2012 and is ongoing. Data an-
alyzed for this study were collected prior to May 28, 2014. All
study participants were admitted to the paediatric cardiac in-
tensive care unit (ICU) after surgery. Participants were ex-
cluded from the analysis if their surgery was cancelled, if
there was missing fentanyl dosing or covariate data or if they
did not survive to hospital discharge, as large fentanyl doses
may have been given as part of end-of-life care. When partic-
ipants had multiple surgeries, only specimens obtained fol-
lowing the first procedure were used. Specimens were
excluded if inadequate internal standard concentrations were
detected and insufficient volume remained to repeat analysis
or if they were obtained before any documented fentanyl dos-
ing. Analgesic and sedative selection and dosing were deter-
mined by the primary clinical team and were not impacted
by study enrollment. Clinical teams were not blinded to
study enrollment, but were blinded to fentanyl concentra-
tion data obtained through this study.
Data collection
Demographic data and medical history were documented at
the time of study enrollment. Surgical and clinical data were
extracted from the EMR. Fentanyl dosing, including sched-
uled boluses, as-needed intermittent boluses, and continuous
infusions after post-operative admission to the intensive care
unit were determined from the EMR and the VUMC
Enterprise Data Warehouse. The Enterprise Data Warehouse
contains an electronic copy of both nurse administration
and pharmacy operational data, enabling the computation
of administered drug amounts over specific time periods.
Study data were collected and managed using REDCap elec-
tronic data capture tools, a secure, web-based application
hosted at VUMC [15].
Sample collection and analysis
For the purposes of drug concentration analysis, all remnant
plasma specimens ≥100 μL from blood obtained for clinical
testing of electrolyte or basicmetabolic panels in study partic-
ipants were obtained from the VUMC Clinical Chemistry
Laboratory. After retrieval, remnant specimens were stored
at –20°C until sample processing for drug concentration anal-
ysis. Sample preparation and mass spectrometry analysis are
described in the Supporting Information.
Data process
Serum creatinine concentration was a time-varying covariate,
which was matched with each fentanyl concentration data
point. When serum creatinine measurement was not available
at the same time when fentanyl concentration was measured,
we selected the serum creatinine concentration measured at
the closest time to that concentration data within 7 days (168
h). Within individuals, weight varied very little within the time
frame of available concentration data and hence most weight
data were the same as the baseline demographic measurements.
However, whenever additional weight measurements were
available, weight measurements obtained at the same time of
concentration data point were used. Measures of albumin con-
centration were available for only 37% of participants, preclud-
ing use of albumin concentration as covariate.
Population PK analysis
Weperformed population PK analysis of fentanyl for children
using a non-linear mixed effects model implemented by
NONMEM® version 7.3 [15]. First, we chose the base model
by comparing one- and two-compartment PK models with-
out covariates, assuming a combined additive and propor-
tional residual error model and lognormal distribution for
the random effects PK parameters. The first-order conditional
estimation (FOCE) method with interaction was used for the
estimation. Parameter estimates as well as the 95%
bootstrapped confidence intervals (CIs) for the main popula-
tion PK parameters such as total clearance (CL, l h–1), volume
of distribution for the central compartment (V1, l), inter-
compartmental clearance (Q, l h–1) and volume of distribu-
tion for the peripheral compartment (V2, l) were generated.
A two compartment model was chosen as the base model,
which described the fentanyl PK substantially better than a
one compartment model. A model with random-effects for
all main PK parameters (i.e. CL, V1, Q and V2) did not con-
verge well due to a limited number of participants and sparse
sampling and hence random-effects were assumed only for
CL and V1 in the final model.

Covariate model building was performed using individual
specific PK parameters estimated from the base model. Both
graphical and statistical methods were considered with the
following candidate covariates, which we chose a priori based
on previous research and biological plausibility: weight, age,
sex, Society of Thoracic Surgery–European Association for
Cardio-Thoracic Surgery (STAT) Congenital Heart Surgery
Mortality score [16], cardiac bypass time, length of ICU stay
and serum creatinine. Inclusion of a maturation factor as a
function of age was tested to assess improvement in model
fit [17]. We also fited an allometric theory-based model by
fixing the allometric scaling parameters in model 1 at the
corresponding theoretical values, that is the scaling parame-
ters for CL and Q were fixed at 0.75 (i.e. θ2 = θ6 = 0.75) and
those for V1 and V2 were fixed at 1 (i.e. θ4 = θ8 = 1).

Model selection was performed based on the objective
function (–2 log likelihood) along with the number of param-
eters, which would approximately follow χ2 distribution. The
χ2 statistics of 3.84, 6.63, and 10.83 with 1 degree of freedom
correspond to P values of 0.05, 0.01 and 0.001, respectively.
We considered the objective function value decrease of
10.83 to be significant model improvement [18].
Br J Clin Pharmacol (2016) 81 1165–1174 1167
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Model assessment
To check the PK model, we examined goodness-of-fit plots
using population and individual predicted fentanyl plasma
concentrations and residual plots using conditional weighted
residuals (CWRES). In addition, we performed internal model
validation using bootstrap methods [19, 20]. As a measure of
model validation, the predicted fentanyl plasma concentra-
tions were used. Specifically, the participants’ data were
bootstrapped with replacement and the bootstrapped partic-
ipants’ data were used as a training set to develop a model
and the remaining (i.e. unselected) participants’ data were
held out as a validation set. The estimated parameters from
the developed model were used to predict fentanyl plasma
concentrations in the held out validation set. This whole pro-
cess was repeated 1000 times. The 95% predicted region and
themedian of predicted fentanyl plasma concentrations were
calculated along the time points within a 3 h window and
plotted over time. For predictive checking, the 95% region
where 95% of the observed fentanyl plasma concentrations
lie and the data points were overlaid on the 95% predicted re-
gion as well as the median predicted line as a function of
time. We used the programming language R version 3.1.3
for covariate building, model checking and model validation
[21]. Allometric scaling analysis methods are described in the
Supporting Information.

Subset data analyses
Subset data analyses were performed in order to examine
the impact of PK parameters estimated based on data from
three subsets of the cohort: (1) data from participants with
weight <40 kg [n = 121, excluding nine participants (7%)
whose weight was relatively high compared with the re-
mainder of the cohort], (2) data from participants who re-
ceived intravenous bolus doses only [n = 93, excluding 37
participants (28%) who received both bolus and infusion
fentanyl doses] and (3) data where fentanyl concentrations
were above the lower limit of quantification (LLOQ) [total
specimens = 504, excluding 575 specimens (53%) below
LLOQ]. We fit the PK models using the subset data and
compared the estimates of PK parameters with those ob-
tained from the full data.

Simulated fentanyl concentration profiles
We performed a simulation study to explore potential benefit
of model based dosing compared with fixed per kg infusions.
Fentanyl concentrations were predicted using two different
fixed per kg infusion rates and one weight-adjusted per kg
dosing rate derived from our final model in hypothetical chil-
dren weighing 2.5, 6.4, and 20 kg. The weight-adjusted per kg
dosing rate for a hypothetical child with specific weight, wgti,
was derived from our final model using the equation, infu-
sion dose = Ctarget x CLi, where Ctarget is the target plasma con-
centration and CLi was calculated from our model by CLi = θ1
× (wgti /70)

θ2 based on the parameter estimates (i.e. θ1 = 49.0
l h–1 and θ2 = 0.9, see Table 2). For example, to achieve the tar-
get plasma concentration of 2 μg l–1 in a hypothetical child
weighing 6.4 kg, CLi = 49.0 l h–1 × (6.4 kg/70 kg)0.9 = 5.7 l h–

1, and hence the infusion dose = 2 μg l–1 × 5.7 l h–1 = 11.4 μg
h–1, yielding the weight-adjusted per kg dosing rate of 11.4
μg h–1 6.4 kg–1 = 1.78 μg kg–1 h–1. Applying the same
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calculation to different weights, the weight-adjusted per kg
dosing rates for hypothetical children weighing 2.5 and 20
kg were 1.95 μg kg–1 h–1 and 1.59 μg kg–1 h–1, respectively.

To compare the two fixed per kg dosing rates to the weight-
adjusted per kg dosing regimens, we simulated 200 different sets
of values for CL,V1, Q, andV2 using the estimates of population
means for CL, V1, Q, and V2 for each hypothetical child weight
(2.5, 6.4 and 20 kg) and the variances for CL andV1 (i.e.Ω

2
CL and

Ω2
V1) from an allometric theory-based model (i.e. model 2, see

Table 2). This allometric theory-based model was chosen as
the underlying true model in simulations, which is different
from our final model, to provide a more fair comparison. Under
each assumedmodel, the plasma concentrations were predicted
as if each of dosing regimenwere given: fixed per kg infusions at
1 μg kg–1 h–1 (standard fentanyl starting dose) and 2.67 μg kg–
1 h–1 (based on the median total fentanyl dose given in the first
day in our cohort), and the weight-adjusted per kg dosing rate
for hypothetical children of eachweight. The predicted fentanyl
concentrations were compared with a proposed target range of
1–3 ng ml–1, concentrations associated with analgesic effect
and minimal respiratory depression [3, 5, 22–25]. The propor-
tion of simulated patients within this target range was calcu-
lated over time. Additional post hoc simulations are described
in the Supporting Information.
Results

Study population and specimens
We collected 1321 residual plasma specimens from 140 par-
ticipants. Three of the 140 participants were excluded due
to in-hospital mortality, one for cancellation of surgery and
five due tomissing dosing or covariate data. A total of 61 spec-
imens, including all specimens from one participant, were ex-
cluded due to low internal standard on initial analysis and
insufficient volume to repeat analysis (n = 1) or because
the specimen was drawn before fentanyl was given
(n = 60). The final study population (n = 130, with 1079
specimens) is described in Table 1. Clinical and demo-
graphic data for the subsets of participants used for subset
data analysis, namely those with weight <40 kg (n = 121)
and those receiving only bolus doses of fentanyl (n = 93)
are indicated in Table S1 and the primary surgical proce-
dures performed in the cohort and both subsets are shown
in Table S2. All fentanyl concentrations were determined
using a multiplexed 16 drug assay developed for this pur-
pose. Assay performance and fentanyl stability are described
in the Supporting Information.

Population PK model
The results of the primary analysis, including the base model
and the final covariate model based on data from the entire
cohort, are presented in Table 2. Parameter estimates and
the 95% bootstrapped CIs for CL, V1, Q, and V2 were first gen-
erated for the base model, without covariates. The PK param-
eters varied substantially among individual participants. The
coefficients of variation (CV) for CL and V1 were 103% and
118%, respectively.

Among the covariates we considered, participant weight
substantially explained inter-individual variability for both



Table 1
Study cohort

Entire cohort

n 130

Age (months)* 5.9 (1.2–28.4)

Weight (kg)* 6.4 (3.7–11.6)

Male sex† 72 (55%)

Race†

White 104 (80%)

Black 11 (8%)

American Indian or Alaska Native 1 (1%)

Asian 1 (1%)

Other 6 (5%)

Unknown 7 (5%)

Median serum creatinine (mg dl–1)* 0.4 (0.4 – 0.5)

STAT score†

1 26 (20%)

2 50 (38%)

3 25 (19%)

4 18 (14%)

5 11 (8%)

Cardiac bypass time (min)* 111 (67–160)

Length of ICU hospitalization (days)* 4 (2–8)

Fentanyl dose (μg kg–1 day–1)* 64 (35–98)

Number of specimens per participant* 6 (4–10)

*Median (interquartile range); †Number (%)

Population PK of fentanyl using remnant samples from children
CL and V1 and improved model fit; including weight reduced
the objective function by 124 (from –2197 to –2321). Other
a priori defined covariates (age, gender, STAT score [16], car-
diac bypass time, length of ICU stay and serum creatinine)
and inclusion of a maturation factor minimally improved
model fit (i.e. decreased the objective function by <5).
Thus the final covariate model included only the partici-
pant’s weight. The main part of the model is presented as
follows:

CLi ¼ θ1� wgti=70
� �θ2� exp ηi

CL
� �

V li ¼ θ3� wgti=70
� �θ4� exp ηi

V1
� �

Q ¼ θ5� wgti=70
� �θ6

V2 ¼ θ7� wgti=70
� �θ8

;

where CLi and V1i are the individual-specific PK parameters
corresponding to CL and V1, wgti is participant weight in ki-
lograms (kg), and ηi

CL and ηi
V1 are random variables

explaining inter-individual variability for CL and V1 which
follow a normal distribution with mean zero and variance of
Ω2
CL and Ω2

V1. Q and V2 are inter-compartmental clearance
and volume of distribution for the peripheral compartment,
respectively. The θs in the equations denote model parame-
ters as typically used in statistical models.

For the final covariate model, model 1, we estimated CL,
V1, Q and V2 as 5.7 l h–1, 37.3 l, 1.6 l h–1 and 29.5 l for a child
with weight of 6.4 kg, the median weight of the entire cohort.
The estimates of CL, V1, Q and V2 in terms of a standard pop-
ulation with weight of 70 kg are shown in Table 2 [49.0 l h–1

(CL = θ1), 198.8 l (V1 = θ3), 35.3 l h–1 (Q = θ5) and 520.9 l
(V2 = θ7), respectively]. The CVs for CL and V1 were reduced
to 70% and 64%, respectively, for the final model.

The allometric theory-based model with fixed allometric
scaling parameters is presented in Table 2 under model 2.
Model 2 substantially increased the objective function by 36
compared to Model 1 (–2285 vs. –2321), which corresponds
to p value of 2.9 x 10–7 with 4 degrees of freedom, supporting
model 1 as the final model.

Goodness-of-fit plots are shown in Figure S1 A and B,
including plots of the all measured fentanyl concentrations
(inset) and those <5 ng/mL, which represent 95% of the data
collected (main graph). The large variability in population
predicted values shown in Figure S1A is significantly reduced
in the individual predicted values as shown in Figure S1B.
Observed vs. predicted values are not systematically above
or below the diagonal line of equality, indicating the model
does not systematically over- or under-predict concentra-
tions, although there were few outlying predictions.

The CWRES were also examined as model diagnostics,
where symmetric distribution around the zero line indicated
good model fit. For the most significant covariate, weight
(kg), obvious model misspecification was not identified
(Figure S1C) although less variability was shown in a range
of large weight where only a small percent of data are avail-
able. Likewise, the plot for CWRES vs. serum creatinine ap-
peared to be symmetrically distributed (Figure S1D). When
the CWRES were plotted against other covariates, no obvious
trends were observed. Thus, the goodness-of-fit and CWRES
plots support the adequacy of our finalmodel to fit these data.

We also performed predictive model checking over time
and Figure S2 shows a range of data up to 2 weeks, wheremost
of observed concentrations lie, restricting to observed con-
centrations >0 ng ml–1 in a log scale. The 95% predicted re-
gion (grey shaded) in the plots covers the 95% region (pink
shaded) of observed fentanyl concentration well, again indi-
cating the model was adequate to describe these data.
Subset data analyses of population PK model
We performed subset data analyses using two subsets of the
participants, those with weight <40 kg and those who re-
ceived only bolus fentanyl dosing. Table S3 summarizes the
parameter estimates and their standard errors from the allo-
metric theory-basedmodel fitted with the two subsets of data.
Parameter estimates from the entire cohort and the subset
with weight <40 kg were highly similar to each other, but ap-
peared to differ from the bolus only subset. However, when
fentanyl concentrations were predicted for a hypothetical pa-
tient (weight 6.4 kg, continuous infusion of fentanyl at 10
μg h–1 for 5 days, with and without an additional three bolus
doses of 50 μg) using each of the three sets of parameter
Br J Clin Pharmacol (2016) 81 1165–1174 1169



Table 2
PK model parameter estimates

Base model* Covariate model
Model 1 (free allometric scaling parameters) Model 2 (fixed allometric scaling parameters)

Parameters Estimates (SE) Parameters Estimates (SE) Parameters Estimates (SE)
(Obj = -2197) (Obj = -2321) (Obj = -2285)

CL CL = θ1 (wgt/70)θ2 CL = θ1 (wgt/70)θ2

8.4 (0.9) [4.7, 9.9]† θ1 49.0 (8.2) [19.3, 79.2] θ1 39.6 (2.2) [33.2, 46.1]

θ2 0.9 (0.1) [0.4, 1.1] θ2 = 0.75

V1 V1 = θ3 (wgt/70)θ4 V1 = θ3 (wgt/70)θ4

86.5 (13.9) [14.8, 145.2] θ3 198.8 (107.8) [28.1, 659.4] θ3 529.1 (72.1) [255.8, 893.3]

θ4 0.7 (0.2) [0.001, 1.1] θ4 = 1

Q 0.5 (0.2) [0.1, 3.5] Q = θ5 (wgt/70)θ6 Q = θ5 (wgt/70)θ6

θ5 35.3 (17.0) [3.9, 332.5] θ5 7.8 (2.9) [2.0, 26.5]

θ6 1.3 (0.2) [0.5, 2.5] θ6 = 0.75

V2 9.0 (2.9) [4.8, 67.8] V2 = θ7 (wgt/70)θ8 V2 = θ7 (wgt/70)θ8

θ7 520.9 (181.3) [87.4, 2323.1] θ7 227.3 (56.8) [140.0, 554.1]

θ8 1.2 (0.2) [0.1, 1.8] θ8 = 1

Ω
2
CL (%CV) 103 (13) [56, 133] Ω

2
CL (%CV) 70 (13) [43, 130] Ω

2
CL (%CV) 64 (13) [38, 97]

Ω
2
V1 (%CV) 118 (12) [47, 176] Ω

2
V1 (%CV) 64 (19) [40, 178] Ω

2
V1 (%CV) 73 (16) [35, 165]

σ
2
proportional (%CV ) 48 (5) [40, 90] σ

2
proportional (%CV) 52 (5) [40, 104] σ

2
proportional (%CV) 49 (5) [40, 80]

σ
2
additive (ng ml–1) 0.01 (0.01) [0.00, 0.02] σ

2
additive (ng ml–1) 0.01 (0.01) [0.00, 0.02] σ

2
additive (ng ml–1) 0.01 (0.01) [0.00, 0.02]

*The estimates from the base model using the entire cohort are presented. †The 95% bootstrap confidence intervals (CIs) are presented in square
brackets. SE, the standard error; Obj, the objective function value; CL, total clearance (l h–1); Q, intercompartmental clearance (l h–1); V1, volume of
distribution for the central compartment (l); V2, volume of distribution for the peripheral compartment (l); CV, coefficient of variation; wgt, body
weight in kg; Ω2

CL and Ω2
V1, the variance for ηi

CL and ηi
V1, respectively; σ2proportional and σ2additive, the proportional and additive residual error variance,

respectively.
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estimates, the predicted profileswere nearly identical (Figure S3).
We also assessed a subset of samples above the LLOQ, since
the concentration of fentanyl for some samples (53%) was
below the LLOQ of the mass spectrometry assay. All resulting
parameter estimates were very similar (Figure S3).
Simulated fentanyl concentration profiles
Figure 2 shows 20 randomly selected predicted plasma con-
centration profiles during and after fixed per kg infusions at
1 μg kg–1 h–1 (standard starting dose) and 2.67 μg kg–1 h–1

(based on the median total fentanyl dose given in the first
day in our cohort), as well as model-driven weight-adjusted
per kg dosing for hypothetical children weighing 2.5 kg
(Figure 2A), 6.4 kg (Figure 2B) and 20 kg (Figure 2C) in simula-
tions. For easier comparison among dosing regimens, Figure 2
D–F present the percent of predicted plasma concentrations
falling within the target range of 1–3 ng ml–1 at each time
point from 6 to 48 h (until infusion stopped) for hypothetical
children of each weight. The lower fixed dose infusion was
the worst for most scenarios, often failing to reach therapeutic
concentrations of fentanyl, although it performed better than
the higher fixed dose after longer infusion for larger children.
On the other hand, the higher fixed dose infusion performed
1170 Br J Clin Pharmacol (2016) 81 1165–1174
better than the weight-adjusted per kg dosing at the
beginning of infusion, and was similar for the smallest
children during steady-state, but after 20 h concentrations
often were above the target range. The results of additional
simulations are shown in Figure S4. Overall, using a dose
calculated based on the population PK model estimates
performed better than the fixed dose infusions, resulting
in fentanyl concentrations within the target range more
often across the range of patient weights after reaching
steady state.
Discussion
We successfully generated a fentanyl PK dataset using drug
concentration data from remnant clinical specimens and
dose information directly obtained from EMRs, and we used
this dataset to perform population PK analysis. Although we
did not identify new clinical covariates impacting fentanyl
PK for children after cardiac surgery, we confirmed previously
estimated fentanyl PK parameters and the non-linear
association of fentanyl PK with patient weight. This is one
of few studies successfully reproducing a paediatric PK profile.



Figure 2
Simulated fentanyl concentration profiles with fixed andmodel based dosing. The shaded region designates the therapeutic range of 1–3 ngml–1.
Twenty randomly selected predicted fentanyl concentrations profiles for hypothetical 2.5 kg (A), 6.4 kg (B) and 20 kg (C) children are shown over
time. For each hypothetical child, simulations are shown for fixed infusion rates of 1 μg kg–1 h–1 (orange lines) and 2.67 μg kg–1 h–1 (light blue
lines) given from 0 to 48 h, then stopped. Simulated fentanyl concentrations resulting from model-driven weight-adjusted per kg dosing given
from 0 to 48 h are shown for each hypothetical child (pink lines). The lower panels present the percent of predicted plasma concentrations falling
within the target range of 1–3 ngml–1 at each time point from 6 to 48 h (until infusion stopped) for hypothetical children weighing 2.5 kg (D), 6.4
kg (E) and 20 kg (F) based on 1 μg kg –1h–1 (orange lines) and 2.67 μg kg h–1 (light blue lines) and model-driven weight-adjusted per kg dosing
(pink lines)

Population PK of fentanyl using remnant samples from children
Our work supports the feasibility of using remnant clinical
specimens and EMR data.

The approach demonstrated here, using data generated
during routine clinical care for population PKmodeling, is es-
pecially relevant for studies in paediatric therapeutics. Tradi-
tional PK studies done to date, especially in neonates, have
demonstrated unique drug distribution profiles among
young patients. However, serial sampling for research is diffi-
cult and, for a subset of patients, potentially harmful. This is
not the first study to utilize remnant clinical samples for re-
search. Previous studies have used combinations of remnant
(scavenged), opportunistic (drawn at the same time as clinical
blood draws) and/or timed (drawn for research) samples to
determine PK parameters for anti-infective drugs in infants
and children [12, 26–32]. One prior study of ciprofloxacin
models derived from remnant vs. timed samples found simi-
lar results [12]. Our study is the largest cohort collected to
date and is comprised solely of remnant specimens. In addi-
tion, we utilized clinical data and dosing information from
the EMR, i.e. ‘re-using’ this clinically-generated data. This
pragmatic PK design represents an efficient approach to fur-
ther study of the clinical and genetic factors contributing to
individual variability in drug exposure and response in
children. These data may also be valuable for validation of
semi-physiologic models [33], another potential approach
to improve paediatric dosing.

Evidence for the validity of our approach is provided by
our subset data analyses, allometric scaling analysis and
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comparison of our data to prior reports. Our study design en-
abled us to enroll participants with few exclusion criteria and
no pre-specified fentanyl dosing regimen. While this more
closely represents the patient population of children who un-
dergo cardiac surgery than most clinical trials, it resulted in a
much larger and more heterogeneous cohort that may be in-
fluenced by extreme values. Our analyses of subsets of data
based on participant, dosing or drug concentration criteria re-
sulted in PK parameter estimates similar to those found in the
entire cohort, validating our findings and indicating that this
strategy may be applied to either heterogeneous populations
or smaller population subsets. The 95%CIs of allometric scaling
parameters in the final model included the corresponding
theoretical values, supporting that the relationships between
body size and PK parameters are similar to those expected
based on allometric theory (additional information in
Supporting Information). Comparison of our PK parameter
estimates with those from prior reports with respect to the
most commonly reported parameter, CL, requires conversion
of the reported values to l h–1 and using the median
participant weight from our cohort (6.4 kg). Using this
approach, CLs reported in Ginsberg et al. [34] and Koren
et al. [7] (7.3 l h–1 and 5.0 l h–1, respectively) are similar to
the 5.7 l h–1 and 6.6 l h–1 from our final model with
allometric scaling parameters being free (model 1) and the
one with allometric scaling parameters being fixed at the
theoretical values (model 2), respectively.

Simulation studies allowed us to compare fixed per kg in-
fusions with the use of a model-driven weight-adjusted per kg
dosing algorithm. Predicted fentanyl concentrations during
fixed per kg infusions were not consistently within the thera-
peutic concentration range for patients of different weights
due to the nonlinear relationship of fentanyl PK with weight.
Model-drivenweight-adjusted per kg dosing resulted in a higher
proportion of simulated 6.4 kg and 20 kg patients within target
range. Furthermore,model-driven dosing led tomore consistent
fentanyl concentrations in the therapeutic range across the size
spectrum. With the wide use of EMRs and computerized order
entry, the implementation of model based dosing is now feasi-
ble and allows personalization of drug dosing based on covari-
ates influencing drug kinetics, once models are appropriately
externally validated in large data sets. More precise determina-
tion of target concentrations of fentanyl to achieve analgesia
or sedation and the individual factors influencing drug response
(pharmacodynamics) could be incorporated into these dosing
calculators.

The major study limitations are the relatively small sam-
ple size (for a population PK study) and a heterogeneous pa-
tient population. Hence the PK parameters could not be
precisely estimated and have wide CIs. The small sample size
and wide age distribution may also be the reasons that the
inclusion of a maturation factor as a function of age did not
significantly improve themodel fit, and the 95%CI of param-
eter estimate was very wide, including 0. Accrual of additional
patients is underway to allow refinement of the PKmodel and
potential inclusion of a maturation factor. In addition, EMR
data are not as extensive or accurate as those collected from
well controlled clinical studies with prospective data collec-
tion. Our drug dosing data collection is facilitated by our
institution using a bar-code based electronic medication
administration record, where healthcare providers are
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directed to scan the drug and the patient’s wrist band at the
time of drug administration. However, delays in drug
administration and/or documentation may occur in clinical
practice and may add to the uncertainty in our dataset.
Further, important covariates that could be a source of varia-
tion on PK parameters may not have been measured. For
example, albumin concentrations are known to impact on
clearance of many drugs, but albumin concentrations are in-
frequently obtained in clinical settings. Only 48 participants
in our dataset had albumin data available. Depending on the
specific covariate, remnant samples may be used to collect
these data, or specific sampling may be necessary from the
participant. Importantly, this model includes only fentanyl
PK and did not assess pharmacodynamic variability, which
may lead to differences in individual analgesia or sedation
in response to fentanyl exposures in the target concentration
range.

These data provide further proof-of-principle that popula-
tion PK analysis using remnant clinical specimens and EMR
data is a feasible approach. This strategy of coupling EMR data
to biologic samples that would otherwise be discarded pro-
vides a method to overcome barriers to studying drug kinetics
and response in populations where traditional PK studies are
not or cannot be performed, including neonatal and pediatric
patients.
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