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Abstract

Fentanyl is an anesthetic/analgesic commonly used in surgical and recovery settings. CYP3A4
and CYP3A5encode enzymes which metabolize fentanyl; genetic variants in these genes impact
fentanyl pharmacokinetics in adults. Pharmacokinetic (PK) studies are difficult to replicate in
children due to the burden of additional blood taken solely for research purposes. The aim of this
study is to test the effect of CYP3A5and CYP3A4 genetic variants on fentanyl PK in children
using opportunistically collected samples. Fentanyl concentrations were measured from remnant
blood specimens and dosing data were extracted from electronic health records. Variant data
defining CYP3A4*1G and CYP3A5*3and *6alleles were available from prior genotyping; alleles
with no variant were defined as *Z. The study cohort included 434 individuals (median age 9
months, 52% male) and 1937 fentanyl concentrations were available. A two-compartment model
was selected as the base model, and the final covariate model included age, weight, and surgical
severity score. Clearance was significantly associated with either CYP3A5*3or CYP3A5*6
alleles, but not the CYP3A4*1G allele. A genotype of CYP3A5*1/*3or CYP3A5*1/*6 (i.e.,
intermediate metabolizer status) was associated with a 0.84-fold (95% confidence interval

[CI]: 0.71 to 1.00) reduction in clearance vs. CYP3A5*1/*1 (i.e., normal metabolizer status).
CYP3A5*3/*3, CYP3A5*3/*6, or CYP3A5*6/*6 (i.e., poor metabolizer status) was associated
with a 0.76-fold (95% CI: 0.58 to 0.99) reduction in clearance. In the final model, expected
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clearance was 8.9 and 6.8 L/hr for a normal and poor metabolizer, respectively, with median
population covariates (9 months old, 7.7 kg, low surgical severity).

Keywords
Pediatric; population pharmacokinetics; personalized medicine; pharmacogenetics

Introduction

Fentanyl is a potent opioid commonly used as an anesthetic and analgesic in children and
infants.! Previous pharmacokinetic (PK) studies of fentanyl in children have typically had
small sample sizes.2 One of the challenges in conducting such a study is the need for serial
blood collection solely for research purposes, which can raise practical and ethical concerns
in such a vulnerable population. Residual blood plasma samples obtained from routine
clinical care are a proposed source of opportunistic pediatric blood drug concentrations
which avoid additional invasive sampling.2 This sampling scheme has already been used
in published analyses of fentanyl pharmacokinetics in children.3-> These irregular, sparse,
opportunistic sampling strategies were the original motivation for application of nonlinear
mixed effects models toward population pharmacokinetic (popPK) analyses® and we have
used such samples to perform a fentanyl popPK analysis in children.” This prior study was
the largest reported pediatric cohort (N = 130) for a popPK analysis of fentanyl to date but
significant residual variability remained, unexplained by the model.

Fentanyl produces adverse effects including fatigue, nausea, vomiting, dizziness, respiratory
depression, and bradycardia;8 chronic use can lead to withdrawal symptoms. It is therefore
ideal to tailor individual dosage to maintain effective blood concentrations while minimizing
risk of adverse effects. PopPK analyses have the potential to illuminate important individual
factors to influence dosing decisions, part of which may include genomic data. Fentanyl is
known to be metabolized by Cytochrome P450 (CYP) enzymes, CYP3A4and CYP3AS.
Specifically CYP3A4*1G, CYP3A5%3 and CYP3A5%6 alleles have been shown to affect
fentanyl PK in adults,®-14 although not all studies have reported significant effects.1®
Fentanyl clearance is reduced in neonates and rapidly matures in the first month of life,16
likely due in part to the maturation of CYP3A encoded enzymes. In children, these variants
have been shown to be associated with tacrolimus blood concentrations!”-18 but no studies
to date have detected their effects on fentanyl disposition in pediatric populations using
popPK analysis. The ABCBI variant rs1045642 has also been shown to be associated with
reduced fentanyl dosing in children.1® Further, children with congenital heart disease have
varying degrees of cardiac insufficiency in the immediate postoperative period, leading to
organ hypoperfusion and less effective drug distribution.2? This is partly offset by vasoactive
drugs commonly used in the postoperative period which increase hepatic perfusion,?! but
may have significant effects on fentanyl, as clearance is perfusion-limited.

The electronic health record (EHR) can be a critical resource in observational PK studies
as it is a repository of information collected for clinical purposes. Further, non-clinical data
recording can be burdensome to clinicians and unjustifiable during treatment of vulnerable
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populations such as pediatric intensive care unit (ICU) patients. We have been developing a
system for popPK studies using EHRs called “EHR2PKPD”, which includes a set of tools
for data extraction and processing from the EHR, implemented in the package £HA%2 within
the programming language R.23 The functions in this package can build PK datasets in a
format common to PK modelling software such as NONMEM?24 and Monolix2® using data
extracted from EHRs (e.g., demographic, dosing, blood concentration data). This study is
one of the first popPK studies performed using our system to generate PK datasets.

The goal of this study is to develop a pediatric fentanyl popPK model with this large
cohort and assess the effect of genetic variants in genes CYP3A4, CYP3A5, and ABCB1 on
fentanyl PK profile in a pediatric population.

Study Design

This study was approved by the Vanderbilt University Medical Center Institutional Review
Board. Data collection is described in detail in a previous study.’ Briefly, any patient

at this tertiary pediatric children’s hospital with congenital heart disease and scheduled

for a corrective or palliative operative cardiac procedure was eligible for enrollment in

this study. Parents or guardians provided written informed consent along with, when
appropriate, informed assent from the patient. Participants were excluded if their surgery
was cancelled, if they had known missing documentation for fentanyl dosing, if they
required extracorporeal membrane oxygenation in the postoperative period, or if they did
not survive to hospital discharge. If a patient had multiple procedures, data were used only
from the first surgical procedure. All individuals included in the current study received
post-operative care in the pediatric ICU from April 2013 to October 2017; when blood
samples were obtained for clinical testing, any “leftover” blood was obtained from the
clinical laboratory to be used for research.

Data Collection

Remnant blood plasma specimens of at least 100 uL were retrieved after clinical analyses
were complete and processed for fentanyl concentration analysis using high-throughput
tandem mass spectrometry as previously described.” Briefly, after acetonitrile precipitation
and addition of d5 fentanyl internal standard, drug concentrations were determined using
the Agilent 6430 triple quadrupole fast-scanning electrospray ionization tandem mass
spectrometry instrument (Santa Clara, CA). Fentanyl dosing (intravenous infusion and
intermittent bolus) and comedication (e.g., CYP3A inducers/inhibitors) data were extracted
from the EHR and the Enterprise Data Warehouse, a repository of medical records including
drug dispensation and administration, which allows us to reconstruct the schedule of
medication dosing during recovery in the ICU. Demographic data were documented by

the study team at enrollment. Serum creatinine measurements were extracted from the EHR;
given the remnant sample strategy, these laboratory data were generally available from the
same time as fentanyl concentrations.
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Genotype Data Extraction

Study participants provided anticoagulated blood, saliva, or a buccal swab for genetic
analysis and genomic DNA was extracted through the Vanderbilt Technologies for
Advanced Genomics (VANTAGE) Core laboratory. Study participants had been previously
genotyped using either the Affymetrix Axiom™ Precision Medicine Research Array

or the Precision Medicine Diversity Array (Thermo Fisher Scientific, Waltham, MA).

As part of genotype data quality control, variants were removed if genotype call rate

was <98%, if minor allele frequency was >20% different from 1000 Genomes phase

3 European reference populations, or deviation from Hardy-Weinberg Equilibrium (p-
value < 1x10719), Data for individuals were removed if their genotype call rate was
<98%, if the genetically estimated sex differed from parental-reported sex, or if they

are related (2nd degree or closer). Genotype data were imputed to the 1000 Genomes
phase 3 reference panel. For this study, we extracted data for specific variants in
CYP3A5(*3, 6981A>G, rs776746, NC_000007.14:9.99672916T>C; and *6, 14685G>A,
rs10264272, NC_000007.14:9.99665212C>T), CYP3A4 (*1G, 20239G>A, 152242480,
NC_000007.14:9.99763843C>T), and ABCB1 (rs1045642) from the study database.

Assessment of Population Substructure

Principal components (PCs) of ancestry were calculated from the genetic relationship matrix
using directly genotyped data with the software package EIGENSOFT,28 incorporating
allele frequencies from 1000 Genomes phase 3 reference panel. The first five PCs were
included in the PK analysis as covariates to adjust for population substructure.

Data Processing

Data processing was performed using functions from the £H4R R package?? within
EHR2PKPD. This system collects fentanyl dosing data, demographics, laboratory data,
comedication data, and drug concentration data into a form appropriate for popPK analysis.
Due to the remnant sample collection strategy, many individuals had serial fentanyl
measurements below the fentanyl assay lower limit of quantification (BLOQ) of 0.05 ng/mL
as samples taken after fentanyl treatment was completed. We included only the first of

these BLOQ measurements for each individual, excluding the rest. We excluded individuals
with only BLOQ drug concentration measurements. We also excluded drug concentration
measurements above the upper limit of quantification of 50 ng/mL.

Population PK Analysis

We performed a popPK analysis in Monolix® 2021R with the stochastic approximation
of expectation and maximization (SAEM) method. To handle the BLOQ observations, we
used a likelihood method that treats the BLOQ observations as censored,” equivalent to
the NONMEM® M3 method. We first selected the base model, assuming a lognormal
distribution for the random effects PK parameters. After selecting the base model, we
prespecified a fixed allometric scaling factor centered at 70 kg on each of the main PK
parameters as recommended by Holford er a/28 With this model, we further performed
covariate modeling with a priori selected candidate covariates based on previous research
and biological plausibility: age (months, recorded at study entry), sex, race (per parent
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report at study enrollment), serum creatinine, Society of Thoracic Surgery—European
Association for Cardio-Thoracic Surgery (STAT) Congenital Heart Surgery Mortality
Score,29 cardiopulmonary bypass time, and co-medications for CYP3A inducer (coded 2

if any drug classified as an inducer is present, 1 otherwise) and CYP3A inhibitor (coded

2 if any drug classified as an inhibitor is present, 1 otherwise). In addition, because

CYP3A allele frequencies covary with both ancestral origins and PK outcomes, the first

five ancestry PCs were included as covariates to account for confounding by population
substructure. Continuous covariates were standardized by dividing by their median while
ordered covariates such as genotypes were coded additively as 1, 2, ..., m where m

is the number of unique levels in the variable. Once covariates were selected, effects

of genetic variants on clearance were tested. CYP3A5*3, CYP3A5%*6, CYP3A4*1G, and
rs1045642 were assessed separately. For CYP3A5, we also assigned those individuals who
had no variant alleles as normal metabolizers (7.e., CYP3A5*1/*1), one variant allele as
intermediate metabolizers (/.e.,, CYP3A5*1/%3or *1/*6), and 2 variant alleles as poor
metabolizers (i.e., CYP3A5*3/*3, *3/*6, or *6/%6). Age was also tested against a maturation
model using gestational age, a coefficient for half-adult-clearance-age, and a Hill coefficient
as described in Holford et a/.?8

Model covariate selection was performed based on the difference in the objective function
(-2 x log-likelihood) and the number of parameters, which would approximately follow a
x?2 distribution. An objective function value decrease of 3.84 (with 1 degree of freedom)
corresponds to a p-value of 0.05 in a likelihood ratio test, which is the cutoff for covariate
inclusion as a significant model improvement. Race and ancestry PC covariates were

tested with cutoffs reflecting the degrees of freedom in each. Genetic effects were added
separately to the covariate model and the Wald test determined inclusion based on a p-value
of 0.05, which was used to estimate the 95% confidence interval (Cl). As the SAEM

is a stochastic method, it could yield varying results especially when data are sparse.3°

For this reason, all models were repeatedly fit with 5 distinct seeds and the estimates
corresponding to the minimum objective function value were used for model selection as
well as final reported results. For model assessment, we examined goodness-of-fit plots
using population and individual predicted fentanyl blood concentrations, and residual plots
using individual weighted residuals (IWRES). In addition, we used a visual predictive check
(VPC) to compare model predicted concentrations across time. Model assessment plots were
generated using R version 4.0.2.23

Using the final model with covariates including genetic variants (CYP3A5*3or *6 variants),
we checked for clinical significance using simulation. We established a set of profiles typical
for younger (2 months, 5 kg), average age (9 months, 8 kg), and older (120 months, 32 kg)
individuals. For each of these profiles, we simulated 1000 random effects for C/, V1, Q,

and V2according to our model estimates, making 3000 simulated PK profiles. We further
replicate each profile into 3 individuals with normal, intermediate, or poor metabolizer
status but who are otherwise identical. Using these PK profiles, we calculated the expected
response to a 1 meg/kg intravenous (V) bolus followed by a 1, 2, 3, and 4 mcg/kg/hour 1V
infusion over 12 hours. We reported the proportion of individuals which is expected to reach
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or exceed the therapeutic drug range (TDR, 1 to 3 ng/mL)3! as well as the mean times to
reach those cutoffs among the subset of patients who reach them within the 12 hour window.

Results

Study Population and Sample Characteristics

Characteristics of our study cohort are summarized in Table 1 and further details are in Table
S1 of the Supplemental Materials. We collected demographics, blood concentrations, and
dosing data from 519 individuals. Twenty individuals were excluded, who did not survive to
discharge (n=9) or required extracorporeal membrane oxygenation postoperatively (n=11).
This left 2928 fentanyl blood concentrations from 499 individuals. Of those concentrations,
704 were censored as BLOQ measurements (after the first BLOQ measurement). Twenty-
two individuals were excluded as they had only BLOQ concentrations. Forty-three
additional individuals were excluded for having no genetic data available. This yielded

434 individuals with 1937 fentanyl blood concentrations, of which 21% were BLOQ. The
number of blood concentrations per individual was a range of 1 to 30 with a median of

4 (interquartile range [IQR] 3 — 5). There were 4131 fentanyl dosing events for the final
analysis. The population medians for weight and age are 7.7 kg (IQR 5.3 — 16.9) and 9.0
months (IQR 3.8 — 58.5). The median time from first ICU-administered fentanyl dose to first
blood concentration sample was 6.9 hours (IQR 5.3 — 16.0).

There were 311 individuals (71.1%) with no CYP3A4*1G alleles, 90 (20.7%) with 1 allele
and 33 (7.6%) with 2 alleles. For CYP3A5%6, 411 individuals (94.7%) had no alleles, 21
(4.8%) had 1 allele, and 2 (0.5%) had 2 alleles. For CYP3A5%*3, 22 individuals (5.1%) had
no alleles, and 77 (17.7%) and 335 (77.2%) had 1 and 2 alleles, respectively. Based on

both CYP3A5*3and *6, 10 (2.3%) of the cohort were normal metabolizers, 76 (17.5%)
were intermediate metabolizers, and 348 (80.2%) were poor metabolizers. For the rs1045642
variant in ABCBI1, 213 (49.1%) were heterozygous, and 100 (23.0%) were homozygous for
the A allele.

Population PK Analysis

A two-compartment model was selected as the base model (objective function = 2850 vs.
3545 for the two- vs. one-compartment model), which has also been used in previous work
for fentanyl PK analysis in children. The two-compartment model was parameterized in
terms of total clearance (CL, L/hr), volume of distribution for the central compartment (VZ,
L), inter-compartmental clearance (Q, L/hr), and volume of distribution for the peripheral
compartment (V2 L). We allowed for random effects on these four major PK parameters
and selected a combined proportional and additive residual error model. The results of the
population PK analysis are presented in Table 2. PK parameter estimates from the base
model along with coefficient of variation (%CV) were CL = 6.2 L/hr (63.7%), VI=129 L
(87.5%), ©@=3.2 L/hr (49.7%), and V2=43.5 L (67.6%).

Inclusion of weight on all the main PK parameters with fixed allometric scaling parameters
markedly improved the model fit (objective function reduction of 466 from the base model).
Additional inclusion of age and STAT significantly improved the model fit (objective
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function reduction of 9.8 and 6.9, respectively), while other covariates including inducer-
and inhibitor-comedication, race, ancestry PCs, and cardiopulmonary bypass time were

not selected as they did not improve the model fit. A maturation factor for gestational

age did not yield any improvement in objective function over age, so was not included

in the final model. Independent inclusion of CYP3A45*3and CYP3A5 normal/intermediate/
poor metabolizer status were statistically significant (p=0.043 and p=0.046, respectively).
CYP3AS5 metabolizer status, denoted by CYP3A5in the model, was included in our final
model.

The structure of the final model is as follows:

CL; = 01 x ;1700273 x (age;19)%2 x (STATH®3 x (CY P345 )% x exp[n;CL],

V1; = 05 x (wr;/70)! x expn;” 11,

0.75

0; = 06 % (wt;170)° 7> x exp[n; 21,

and

V2;=07x (wt,</70)1 X BXP[ﬂin]’

where CL;, V1, Q; and VZ;are the individual-specific CL, VI, Q, and VZ2for individual
i, wtis body weight in kilogram (kg), age is individual age in months, STAT is individual
surgical severity score ranging from 1 to 5, and CYP3A5 is metabolizer status, coded by
1, 2, and 3 for normal, intermediate, and poor metabolizer, respectively. The ;- n;V1
niQ and n;V2 are random effects explaining between-individual variability for CL, V2, Q,
and V2 which follow a lognormal distribution with means zero and covariance matrix
with w2y, w2y, w?q, and w?y; in the diagonal. The 6s in the equations denote model
parameters as typically used in statistical models. Estimates (%CV) for typical parameter
values for an individual of weight 7.7 kg, age 9 month, with STAT score 1 and normal
metabolizer function are CL = 8.9 L/hr (47.9%), VI=30.5L (59.3%), @=4.0 L/hr
(70.0%), and V2=58.2 L (70.0%). Compared to the %CV of 63.7% for CL in the base
model, the %CV in the final model, 47.9%, is substantially reduced due to the inclusion of
covariates which explain some of the interindividual variability in CL.

The estimates for the effect on CL (with 95% Wald CI) for CYP3A4*1G, CYP3A5%*3,
CYP3A5%*6, and rs1045642 variants are 0.03 [-0.11, 0.17], —-0.20 [-0.39, -0.01], 0.13
[-0.19, 0.45], and 0.01 [-0.12, 0.14], respectively. These correspond to 1.03-fold [0.89,
1.21], 0.80-fold [0.65, 0.99], 1.15-fold [0.81, 1.64], and 1.01-fold [0.88, 1.17] changes

to CL in the presence of two CYP3A4*1G, CYP3A5*3, CYP3A5%*6, or rs1045642 AA
variants. The estimate and 95% CI for a CYP3A5 metabolizer status is —0.25 [-0.49, —0.01],
corresponding to a 0.76-fold [0.58, 0.99] change to CL in the presence of two CYP3A5
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variants. We proceed to report results in terms of this composite metabolizer status because
it is clinically meaningful and has the greater estimated effect size (-0.25 vs. —0.20).
Figure 1 (A) shows that estimated CL for normal, intermediate, and poor metabolizers
have medians (horizontal lines) of 13.5 L/hr, 9.0 L/hr, and 7.8 L/hr, respectively. Median
estimated CL for the entire population is 8.2 L/hr.

Inclusion of the first five ancestry PCs did not significantly reduce the objective value
function and did not impact the major parameters of interest such as the coefficient for
CYP3AS5 metabolizer status, and so the PCs did not remain in the final model. Figure 1 (B)
shows estimated clearance from the final model by CYP3A5 metabolizer status, separately
for the individuals with self-reported race of Black. Addition of either race or ancestry PCs
to the final model did not impact estimation of the size of the CYP3A5 metabolizer effect
(=0.24 with race and —0.26 with ancestry PCs).

The estimated effect for STAT is —0.06 [-0.16, 0.04] corresponding to a 0.91-fold [0.77,
1.07] change in CL when STAT is 5 compared to 1 (/.e., two extreme categories, comparing
highest mortality risk to lowest mortality risk for the congenital heart surgery procedure).
The estimated effect for ageis 0.04 [0.02, 0.06] corresponding to a 1.08-fold [1.04, 1.12]
change in CL when ageis 5 years compared to 9 months.

Goodness-of-fit plots for the final model support that overall the model fit is appropriate;
Observed vs. predicted values (Figure 2A) are not systematically above or below the
diagonal line of equality, although there were few outlying predictions. The individual
weighted residuals (Figure 2B) show symmetric distribution around the zero line, also
indicating good model fit. In general, the visual predictive check (Figure 2C) reveals

that simulated percentiles from the model are reasonably well aligned with observed data,
especially at higher concentrations.

Genetic Effects from the Simulation Study

Figure 3A shows the dose response for a random sample of 20 simulated individuals,
grouped by age/weight and infusion rate. Each individual is simulated to receive a 1 mcg/kg
IV bolus at time 0 and then receives the specified IV infusion for 12 hours. The TDR cutoffs
are shown as horizontal dotted lines. The population average response is shown as a dashed
line. It is clinically desirable to reach the TDR quickly and avoid surpassing it. Variability
shown in the response curves is indicative of estimated inter-individual variability in PK
parameters as represented by the w parameters in Table 2. Figure 3B shows the summary

of the full simulation with 1000 individuals in each scenario receiving a 1 mcg/kg loading
bolus followed by 1, 2, 3, or 4 mcg/kg/hr infusions over 12 hours, representing a reasonable
but longer continuous infusion time in our dataset. The estimated effect of metabolizer status
is apparent in how the normal metabolizer group is typically the last to enter/leave the TDR
and the least likely to pass those thresholds. For example, in the 9 month/8 kg population
receiving 4 mcg/kg/hr infusions, the percentage of normal metabolizers surpassing the TDR
upper limit of 3ng/mL is 42% compared to 60% for poor metabolizers. For the same
population receiving 1 mcg/kg/hr, 19% of normal metabolizers compared to 33% of poor
metabolizers reach the lower TDR cutoff of 1 ng/mL during the 12 hour infusion. Generally,
per kg dose response is more modulated by age/weight than by metabolizer status, with
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older and heavier individuals requiring lower doses to achieve similar responses. Note that in
some instances, none of the simulated individuals surpassed the TDR and no bar is displayed
for “Hours to surpass TDR”. In other instances a small proportion of individuals in a group
surpass the TDR, and hence “Hours to Surpass TDR” is subject to chance variation due to
the small sample.

Discussion

We successfully developed a fentanyl popPK model for children using only opportunistically
collected blood samples which minimized the burden of study participation on the enrolled
individuals. Our PK parameter estimates are in line with published results in adults and
children, and this study is the first to demonstrate the effect of CYP3A5no function

variants on clearance in a popPK analysis of children. Through the development of our
EHR2PKPD system and the increasing role of EHRs in automating data collection as part of
clinical care, these kinds of opportunistic studies should become more feasible over time to
collect data with the large sample sizes necessary for popPK analysis while minimizing the
burden of data collection in vulnerable populations. As reported by Choi er a/32 estimates
for a complete analysis of fentanyl population pharmacokinetics are comparable between
manually built data and our automized system built data. Given that all datasets including
blood concentration measurements and dosages were collected outside of our EHRZ2PKPD
system and we only used our system implemented in the £HR R package to process and
build the dataset, there is little possibility for our automated data building algorithms to
introduce data errors. Regarding the data building algorithms in our system, they were
validated during their development in such a way that we iteratively revised them by
comparing the algorithm generated data with gold standard data until both datasets were
identical. Model fit was overall good (Figure 2) but there was considerable interindividual
variability in the four PK parameters of interest. Future studies done on populations with
longer exposure to fentanyl may be suitable for population PK profiling to gain a better
sense of the true interindividual variability in PK parameters in the population. For now, it is
difficult to make clinical recommendations on the basis of the genetic effect in the presence
of so much unexplained interindividual variability, although one study has reported that
CYP3A5 genotypes are associated with fentanyl dosing, but not drug levels, in a multiple
regression analysis.33

There are a few papers published using opportunistic samples from children (e.g., studies
with 98 preterm neonates, 14 pediatric burn patients,34 and 66 critically ill children).* The
study performed by Hagos et a/* with 278 samples from 66 critically ill children is most
relevant to our study. They presented typical CL for a 70 kg individual with no CYP3A4/5
inducers as 34.6 L/hr. We estimated the population-level clearance for a 70kg individual

as 34.7 L/hr from our Base+Weight Model (without inducer, which was not included in
our final model). Notably, the authors did not find a significant CYP3A5 genetic effect on
clearance and speculated that their smaller sample size was likely the reason. Our sample
size (1937 observations in 434 individuals) was larger than theirs and our confidence interval
for the genetic effect is close to including 0, suggesting that we would likely not have
detected the effect either if our sample size were smaller.
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CYP3A57*6 has been shown in previous studies to reduce fentanyl clearance but our
estimate for the effect is positive because the effect is being compared to all variants

in the population, not just to the CYP3A5*1 allele. Because the CYP3A5*3no function
variant dominates in this dataset (77% of individuals have the CYP3A5*3/*3 genotype) the
positive effect of the CYP3A5*6 allele indicates mostly that the variant does not reduce
clearance as much as the CYP3A5*3allele. Regardless, we suggest that the two variants
should be considered jointly, as the physiological loss-of-function effect of both variants
is well-established and testing for both variants is routinely performed on panel-based
pharmacogenetic tests. CYP3A4*1G and rs1045642 have been associated with fentanyl
clearance and dosing®319 but neither showed evidence of impacting clearance in our
analysis.

The difference in estimated clearance based on CYP3A5 metabolizer status is obscured

in Figure 1 (A) by the differential distribution of weight in the subgroups, with normal
metabolizers being older and heavier (median weight 14.2 kg vs. 7.6 kg and 7.7 kg for
intermediate and poor metabolizers, respectively). Figure S1 provides clearance standardized
by a fixed weight of 7.7 kg for each individual. The weight-standardized clearances show a
similar trend by metabolizer status, supporting CYP3A5 metabolizer effects. Inter-individual
variation in clearance is estimated at 47.9 %CV so the level of unexplained variability is

still substantial. To further illustrate this, Figure 3A compares expected blood concentrations
during typical infusions given in a clinical setting by simulating individual PK parameters
from the final model for various age/weight populations. The expected concentration profile
shows the effect of CYP3A5 function, but it is not uncommon for some individuals with
normal metabolizer status to reach or exceed the TDR more quickly than individuals with
intermediate/poor metabolizer status. If residual variability were also considered, the impact
of CYP3A5 metabolizer status would be obscured further. Even though this is the largest
cohort used in the study of pediatric fentanyl PK, a clinically meaningful characterization of
fentanyl popPK may require an even larger cohort. This may only be feasible through the
opportunistic sampling strategy presented in this work. This work serves as an example of
how such data can be used to perform clinically relevant pharmacogenomic studies when the
burden of structured PK data collection is too great.

The fact that each of the 10 normal metabolizers and a disproportionate number of the
intermediate metabolizers in the cohort had a self-reported race of “Black or African
American” reflects the potential confounding between race and CYP3A5 metabolizer
status.3° As a covariate, race was not significant but the possibility remains that the

apparent effect of CYP3A5 metabolizer status on clearance reflects factors mediated through
race. Further, it is possible that the effect of race was reduced due to the categorical
classification of self-reported race. Ancestry PCs are continuous covariates that account for
genetic ancestry and are correlated with self-reported race (Figure S2). In our data, neither
categorical race nor continuous ancestry PCs improved model fit or impacted the effect of
CYP3AS5 metabolizer status on clearance.

While sample size does not permit analyses stratified by race, Figure 1 (B) allows
examination of model estimated clearance by race, which confirms that the apparent effect
of CYP3A5 metabolizer status is consistent. Further, we observed that addition of either race
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or ancestry PCs in the final model did not impact the scale of the observed genetic effect. All
of this supports that the CYP3A5 metabolizer effect observed in our analysis would not be
spurious, however the analysis would be considerably strengthened by increased sample size
for underrepresented groups.

There are some notable limitations in this study. The major limitation is the use of an EHR
data source with opportunistic samples, which may not provide optimal data. The number
of samples per patient is limited, and the sampling times are not optimized to estimate PK
parameters. In addition, rare instances of EHR downtime or emergent bedside procedures
can lead to dosing documentation on paper forms which are scanned into the EHR and not
extractable by EHR data pulls or natural language processing. In our manual data review of
over 650 fentanyl concentrations and associated fentanyl dosing, we identified 3 instances
of inaccurate dosing, all due to emergent beside procedures. The data for these 3 individuals
were truncated to include only observations with accurate dosing data. Although this study
design allowed for a large study cohort, a combination of sparse sampling and data errors
would increase interindividual and residual variability, making it difficult to make clinical
recommendations regarding individualized dosing even when the estimated effect of age,
weight, STAT score, and genetics are significant. There may be other covariates not available
for our dataset (e.g., markers of liver function) that can improve the model. Our goal was

to assess a variety of genetic effects on clearance, but our populations were not optimized
for detection of such effects. Some allele frequencies were small (18% CYP3A4*1G, 3%
CYP3A57*6) and hence power to detect their effects on clearance was reduced.

This study is evidence that CYP3A5 no function variants impact fentanyl clearance in
pediatric populations, but the scale of this effect is small compared to the level of
unexplained variability in the model. Some possibilities for this are that the genetic effect is
smaller in children than in adults, variability in dose-response is greater in children than in
adults, or that genetic effects appear relatively smaller in children due to the higher impact
of weight and age on PK profile. Beyond those we tested, there are further genetic variants
such as more in the ABCBI transporter gene which have been shown to influence fentanyl
dosing and pharmacokinetics.?1° Opportunistic sampling schemes may empower genome
wide association studies which can explore these effects exhaustively and suggest further
areas of study. Future researchers should be aware of these possibilities when considering
the benefits and drawbacks of opportunistic sampling schemes to produce well-powered
studies which yield results that are relevant to clinical care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Highlights
What is the current knowledge on the topic?

CYP3A5*3/%6and CYP3A4*1G variants impair clearance of a wide range of drugs
in adults, including fentanyl. These findings have not been replicated in a pediatric
population where small sample sizes typically limit the power to detect such an effect.

What question did this study address?

Do these variants impact fentanyl clearance in a population of children recovering
from cardiac procedures? Is the estimated effect large enough to impact clinical dosing
decisions given unexplained interindividual and residual variability?

What does this study add to our knowledge?

This study is the largest reported cohort of children for fentanyl pharmacokinetics and
the resulting model can be a benchmark for future studies. There is little evidence for a
CYP3A4*1G effect, but CYP3A5*3/#*6 variants significantly reduce fentanyl clearance.
Considering the unexplained variability in our model, the reduction in clearance may not
be large enough to change fentanyl dosing decisions.

How might this change clinical pharmacology or translational science?

Clinicians may consult our simulation study and decide whether they want to consider
CYP3A5*3/*6 variants when making dosing decisions.
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1 1 1
Normal (N=10) Intermediate (N=76) Poor (N=348)

Black

1 1 1
Normal Intermediate  Poor
(N=10) (N=24) (N=18)

All Others

1 1 1
Normal Intermediate  Poor

(N=0)

(N=52)  (N=330)

Metabolizer Status

Figure 1: Individual estimated clearance by CYP3A5 metabolizer status.
Clearance is summarized for normal, intermediate, and poor metabolizers. The hinge is set

at the median, the boxes span the 25t to 75! percentile, and the whiskers extend to the most
extreme datum which is at most 1.5 times the interquartile range. Clearances are shown for
(A) the entire cohort and (B) separately for individuals whose self-reported race was Black

vs. the rest of the cohort.
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Figure 2: Model diagnostics for the final population pharmacokinetic model.
(A) Observed vs. predicted concentrations for both individual (left) and population (right)

predicted concentrations with the identity line (dashed). Open circles and triangles represent
above- and below-lower limit of quantification observations, respectively. (B) Individual
weighted residuals as a function of time (left) and individual predicted concentrations (right)
with a dashed line for zero residuals. (C) The visual predictive check. Solid lines represent
empirical quartiles of concentration and shaded regions represent the 10t and 90t quantiles
of each quartile as determined by simulations. The dotted rectangle is enlarged in the inset to
better visualize the median and lower quartile.
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Figure 3: Simulation results.
(A) Expected response to varying intravenous (1V) infusion rates, 1 — 4 mcg/kg/hr, following

a Imcg/kg 1V bolus for populations from three hypothetical groups with varying age and
weight (from left to right, younger: 2 months, 5 kg; average: 9 months, 8 kg); older:

120 months, 32 kg). Within each scenario, we simulate 20 normal, intermediate, and poor
metabolizers (left to right) and calculate their expected dose response over 12 hours, which
is presented in different color for each individual. Horizontal dotted lines represent the
therapeutic drug range (TDR) for fentanyl blood concentration and a dashed line represents
the population average response. Each of the panels under their respective age/weight
categories represent the same 20 simulated random effects but applied to the indicated
metabolizer status/infusion rate to allow for easy comparison of the genetic and dosage
effects. (B) Summary of complete simulation results for the three hypothetical groups

with normal/intermediate/poor metabolizers receiving 1/2/3/4 mcg/kg/hr infusions. For each
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scenario, 1000 individuals were simulated. We report the proportion of individuals who
reach the TDR, the average time to reach the TDR (among those who do reach it), the
proportion of individuals who surpass the TDR, and the average time to surpass the TDR
(among those who do so). When no bar is present in “Hours to Surpass TDR” none of the
1000 simulated patents reached the cutoff within 12 hours.
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Table 1:
Summary of Study Cohort.
Whole CYP3A5 CYP3AS5 CYP3AS5 poor
cohort normal intermediate metabolizers CYP3A4 CYP3A4 CYP3A4
metabolizers metabolizers *1*1 *U*1G *1G/*1G
N 434 10 76 348 311 90 33
Malesex 226 (52%) 6 (60%) 32 (42%) 188 (54%)  166(53%) 44 (49%) 16 (48%)
7.6
enm“‘rf]"ee;gt*g(g; [5.37'176.9] [6.71,4 i27.5] [5.17?5.8] [5.37'177.01 [5.3??7.8] [5-?2.113'6] [4.6?'127.1]
{19,1380}  {3.4,37.8} {21,823} {19,130} {191380} o {28823
8.2 183
Age at en(;?lgnmtf]’g [3.8?'5?8.5] [5;,121%.9] [3.8?'530.6] [3.8?.509.4] [3.85,3.6?1.7] [4'%6.317'2] [4.0.€2.8]
{01,2709}  {0.4,126.9} 01,2823} {01,2709} {00,2109} 5oy YRR
Race
White 357 (82.3%) 0 (0.0%) 46 (60.5%) 311(80.4%)  292(94.9%) 59 (65.6%) 6 (18.2%)
Black 52 (12.0%) 10 (100%) 24 (31.6%) 18 (5.2%) 7(23%) 20 (22.2%) 25 (75.8%)
Asian 6 (1.4%) 0 (0.0%) 0 (0.0%) 6 (1.7%) 3 (1.0%) 3 (3.3%) 0 (0.0%)
American Indian of 3 (0.5%) 0 (0.0%) 0(0.0%) 2 (0.5%) 2(06%)  0(00%)  0(0.0%)
Other 6 (L4%) 0 (0.0%) 2 (2.6%) 4(1.1%) 2 (0.6%) 3 (3.3%) 1(3.0%)
Unknown 11 (2.5%) 0 (0.0%) 4 (5.2%) 7 (2.0%) 5 (1.6%) 5 (5.6%) 1 (3.0%)
Cardiac (%%?’3 [1.11,'72.4] [1.(%,"1.8] [1.&,%.2] [1.21,'72.5] [1.11,'72-4] [1-21,'2-7] [0-711%-6]
{00, 7.1} {0.0,3.2} {00, 5.8} {00, 7.1} {00,622} {0071}  {00,4.1}
e o ) 2.9 .4 o 2 26 25 5]
{0, 110} {1,119} {1,543 {0, 87} {0, 79} {187} {1,119}
STAT category
1 164 (37.8%) 4 (40.0%) 28 (36.8%) 132 (37.9%)  120(38.6%) 30 (33.3%) 14 (42.4%)
2 124 (28.6%) 3 (30.0%) 24 (31.6%) 97 (27.9%)  78(251%) 33(36.7%) 13 (39.4%)
3 56(12.9%) 2 (20.0%) 10 (13.2%) 44(12.6%) 42 (135%) 12(13.3%) 2 (6.1%)
4 74(17.1%) 1 (10.0%) 10 (13.2%) 63(18.1%) 59 (19.0%) 12(13.3%)  3(9.1%)
5 16 (3.7%) 0 (0.0%) 4 (5.3%) 12 (3.4%) 12(39%)  3(3.3%) 1 (3.0%)
CYP3A4*1G
0 311(71L.7%)
1 90 (20.7%)
2 33(7.6%)
CYP3AS5*6
0 411 (94.7%)
1 21(4.8%)
2 2(05%)
CYP3AS5*3
0 22(5.1%)
1 77(7.7%)
2 335(77.2%)
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Whole CYP3A5 CYP3A5 CYP3A5 poor
cohort normal intermediate metabolizers CYP3A4 CYP3A4 CYP3A4
metabolizers metabolizers *1*1 *1/*1G *1G/*1G
CYP3A5
metabolizer status
Normal 10 (2.3%)
Intermediate 76 (17.5%)
Poor 348 (80.2%)
ABCB1 rs1045642
GG 121 (27.8%)
AG 213 (49.1%)
AA 100 (23.0%)
Fentanyl blood 4
concentrations per [3, 5]
individual {1, 30}
Fentanyl blood 0.25
concentration  [0.06, 1.31]
(ng/mL) {0.00, 34.25}
Fentanyl dosing 7
events per [5, 11]
individual {1, 56}

Summary statistics are presented as count (percent) for categorical variables, and median [interquartile range] {range} for continuous variables.
Selected covariates are also tabulated according to CYP3A5 metabolizer status and CYP3A4*1G variants. ICU, intensive care unit; STAT, Society

of Thoracic Surgery—European Association for Cardio-Thoracic Surgery Congenital Heart Surgery Mortality Score.
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Table 2:
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Base Model Base+Weight Model CYP3A4*1G Model Final Model
Obj = 2850 Obj = 2384 Obj = 2371 Obj = 2369
Parameter  Est (SE) [CI] Parameter Est (SE) [CI] Parameter Est (SE) [CI] Parameter Est (SE) [CI]
CL=6,"x CL =0 x (wt/ CL =0 x (wt/
(wt/70)°75 70)075 x (age/9)®? 70)075 x (age/
x (STAT)® x 9)92 x (STAT)®3
(CYP3A4*1G)®4 x (CYP3A5)®
CL 6.2 (0.2) 0,* 34.7 (1.0) 0 35.9 (1.7) 0 46.6 (6.2)
[5.8,6.6] [32.7,36.7] [32.6,39.2] [34.4, 58.8]
0, 0.03 (0.01) 0, 0.04 (0.01)
[0.01,0.05] [0.02, 0.06]
6; -0.08 (0.05) 6;  -0.06 (0.05)
[-0.18,0.02] [-0.16, 0.04]
0, 0.03 (0.07) 6, -0.25(0.12)
[-0.11,0.17] [-0.49, -0.01]
V1=0,"x V1 =05 x (W/70)! V1=05x (wt/
(Wt/70):l 70)1
%4 12.9(1.3) 0,  269.3(20.2) 65  261.9 (20.0) 05 277.5(19.4)
[10.4,15.4] [229.7,308.9] [222.7,301.1] [239.5,315.5]
Q=05"x (wt/ Q =65 x (Wt/70)0-7° Q=64 x (Wt/
70)0-7 70)0.7
Q 32(0.2) 8%  19.9(1.4) 8  20.5(L5) 8  20.7(L5)
[2.8,3.6] [17.2,22.6] [17.6,23.4] [17.8, 23.6]
V2=0,"x V2 =0, x (W/70)! V2=0; x (wt/
(Wt/70):l 70)1
%4 435 (2.8) 0, 517.9(37.9) 0; 532.4(33.0) 0; 528.8(37.3)
[38.0,49.0] [443.6,592.2] [467.7,597.1] [455.7,601.9]
wcL (%CV) 63.7 (2.7) wcL (%CV) 49.3(2.2) wcL (%CV) 47.9 (2.1) wcL (%CV) 47.9(2.1)
[58.3,68.9] [45.0,53.6] [43.8,52.0] [43.8,52.0]
wy1 (%CV) 87.5(8.2) wy (%CV) 65.1 (5.5) Wy (%CV) 57.4 (5.3) @y (%CV) 59.3 (5.5)
[71.4,103.6] [54.3,75.9] [47.0,67.8] [48.5,70.1]
wq (%CV) 49.7 (8.5) wq (%CV) 50.7 (12.9) wg (%CV) 73.4 (7.5) wg (%CV) 70.0 (8.8)
[33.0,66.4] [25.4,76.0] [58.7,88.1] [52.8,87.2]
Wy (%CV) 67.6 (5.0) wyy (%CV) 76.9 (8.0) wy; (%CV) 68.9 (5.8) wy; (%CV) 70.0 (5.8)
[57.9,77.5] [61.2,92.6] [57.5,80.3] [58.6,81.4]
Tprop (YCV) 47.0 (1.8) Tprop (YCV) 45.4 (1.6) Tprop (YCV) 45.5 (1.6) Tprop (YCV) 44.9 (1.6)
[43.5,50.5] [42.3,48.5] [42.4,48.6] [41.8,48.0]
Oadd 0.02 (0.01) Oaqd (NG/mL)  0.01 (<0.01) Oadq (NG/mL)  0.01 (<0.01) Oadg (Ng/mL)  0.02 (<0.01)
(ng/mL) [0.00,0.04] [0.00,0.02] [0.00,0.02] [0.01,0.03]

Pharmacokinetic parameter estimates are presented as estimate (standard error) [Wald 95% confidence interval] and Obj denotes model objective
function value. The wt, age, and STAT represent covariates values. CYP3A4*1G is coded continuously as 1, 2, 3, for 0, 1, and 2 CYP3A4*1G
variants. CYP3A5is coded continuously as 1, 2, 3 for 0, 1, and 2 no function (CYP3A5*3or CYP3A5%*6) variants, respectively. CL, V1, Q, and
V2 are total clearance (L/hr), central compartment volume of distribution (L), intercompartmental clearance (L/hr), and peripheral compartment
volume of distribution (L). The w parameters are between-individual variance components for their respective pharmacokinetic parameters,
presented as %CV. The oprgpand oagg/represent the proportional and additive residual errors in the combined residual error model, presented as

%CV and the standard deviation, respectively. The 6s denote model parameters as typically used in statistical models.
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