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Abstract

Conducting and analyzing clinical trials in vulnerable neonates are extremely challenging. The
aim of this analysis is to develop a morphine population pharmacokinetics (PK) model using data
collected during a randomized control trial in neonates with Abstinence Syndrome (NAS). Three
compartment morphine structural PK model after intravenous (1) administration from previously
published work was utilized as prior, while allometric scaling method with physiological
consideration was used to extrapolate PK profile from adults to pediatrics. Absorption rate
constant and bioavailability were estimated in neonates with abstinence syndrome after oral
administration of diluted tincture of opium (DTO). Goodness-of fit plots along with normalized
prediction distribution error and bootstrap method were performed for model evaluation. We
successfully extrapolated the PK profile from adults to pediatrics after IV administration. The
estimated first-order absorption rate constant and bioavailability were 0.751 hour! and 48.5%,
respectively. Model evaluations showed that the model can accurately and precisely describe the
observed data. The population pharmacokinetic model we derived for morphine after oral
administration of DTO is reasonable and acceptable; therefore, it can be used to describe the PK
and guide future studies. The integration of the previous population PK knowledge as prior
information successfully overcomes the logistic and practical issue in vulnerable neonate
population.
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Introduction

Neonatal Abstinence Syndrome (NAS) is a clinical syndrome of opiate withdrawal in
neonates exposed to drugs prenatally via chronic maternal opiate use. The syndrome is
comprised of a combination of central nervous system, digestive system and autonomic
system abnormalities after birth that results from uninhibited excitatory neurotransmitter
release from the neurons that have been chronically exposed to opiates /in utero. The main
symptoms include tremors, hyperactive reflexes, disturbed sleep, poor feeding and failure to
thrive. Neonates at risk of NAS are monitored closely with physiologic scoring systems? to
rate severity of withdrawal and determine when non-pharmacologic therapies have failed
and pharmacologic therapy is warranted. Morphine is the standard first line
pharmacotherapy in Neonatal Abstinence Syndrome (NAS)2. The current population
pharmacokinetic (PK) analysis was based on data collected in a randomized controlled trial
of adjunct therapy with clonidine vs placebo in prenatally exposed neonates treated with
diluted tincture of opium (DTO) for NASS.

The active ingredient of DTO is morphine, with every 1 ml of DTO containing 0.04 mg
morphine equivalent. There are many studies investigating the pharmacology of parenteral
morphine in neonates, but there are currently no studies of the PK of enteral morphine in
neonates. Several publications describing the population PK of morphine in pediactrics*8
have been published. Bouwmeester# and Anand® used the maturation model to describe the
physiological development of clearance and volume of distribution. Knibbe” developed
another model to account for the maturation and development of clearance and volume of
distribution in pediatrics. Holford® evaluated the models above and updated their previous
model published in 2008%. While Krekel® provide another review of Bouwmeester's and
Knibbe's models, Wang et al® published another morphine PK model in adults and pediatrics
using an empirical exponent on the commonly used allometric scaling. However, all of these
models focused on intravenous administration of morphine.

The general lack of PK knowledge about enteral DTO or morphine in neonates leaves the
clinician to empiric dosing of the opiate and often leads to undertreatment of the symptoms
while the dose is titrated to maximal effect and NAS is brought under symptomatic control.
The extended titration phase as well as weaning off phase result in increased duration of
hospital stay. The aim of this analysis is to elucidate the PK properties of enteral morphine
in neonates using prior knowledge on pharmacology of morphine, concepts of pediatric
physiological maturation as well as data collected from the large randomized controlled trial
mentioned above. The current work will provide an opportunity to assess exposures at
different doses and dosing regimens of enteral morphine in neonates with NAS.

Methods

Clinical Trial Design

The clinical trial was approved by the Johns Hopkins institutional review board
(Clinical Trials.gov: NCT00510016). Informed consent was obtained from the parents of
each neonate. The objective of the clinical trial was to determine if oral clonidine as an
adjunct therapy to DTO would reduce the duration of opioid detoxification in neonatal
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abstinence syndrome resulting from /in utero methadone and/or heroine exposure. Modified
Finnegan Scores!10 (MFS, range from 0 to 40) were used as a symptom evaluation tool for
the guidance of pharmacotherapy. After informed consent had been obtained, a total of 80
patients who required pharmacologic therapy as indicated by MFS threshold were
randomized equally to either the DTO only or the DTO plus clonidine groups. Morphine PK
samples were collected in the DTO arm only. The treatment regimen involves three phases.
During the first phase, all neonates were started on 0.2 mL of DTO (0.08 mg morphine
equivalent) orally every 4 hours. Then, DTO was incrementally escalated to 0.3, 0.4, and 0.5
mL (0.12, 0.16 and 0.2 mg morphine equivalent) every 4 hours, then to 0.5, 0.7, and 0.9 mL
(0.2, 0.28 and 0.36 mg morphine equivalent) every 3 hours until withdrawal symptoms were
controlled (defined as average MFS in 24 hours period <9). In the second phase, when
symptoms were controlled, neonates were continued on the DTO dose that controlled
symptoms for at least another 48 hours (stabilization). Finally in the third phase, the
neonates entered the medication weaning phase. DTO was deescalated by increments of 0.05
mL per dose every 24 hours as long as MFS remained in the target range. Further details of
the trial methods and the clinical results were published in 20093

During the clinical trial, two to three plasma samples were collected per neonate based on
clinical convenience. No nominal sampling time points were designed in the protocol.
Morphine was isolated by solid phase extraction and plasma concentration was analyzed by
LC/MS/MS method utilizing deuterated internal standard at the NMS Labs (Willow Grove,
PA).

Population PK Model

Our strategy for building a PK model for neonates was to borrow strength from prior
models. There are five prior IV models reported with potential difference. Owing to the
sparse nature of data, the development of the PK model involved two major steps: 1) We
evaluated the suitability of the prior models to extend to neonates; and 2) a population PK
model after oral administration of DTO/morphine was built based on the best structural 1V
model in the previous step and plasma data collected from the current clinical trial.

Prior IV Model Evaluation

Extrapolation of Structural PK Model after Intravenous Administration into
Pediatrics: Four of the five IV morphine PK models represented in Table 1 were built in
pediatrics or pediatrics plus adults to predict PK profiles over the entire lifespan®>.7:8,
However, Lotsch's model2 was built only in healthy adults after 1V administration with rich
sampling as opposed to sparse sampling in the other four studies. Therefore, Lotsch's model
was extrapolated to pediatrics using the allometric scaling approach in three steps before we
evaluated the rest of the IV morphine models in adults and pediatrics.

First, we used the three compartment morphine PK model by Lotsch that is based on rich
sampling after IV administration in healthy adults as the base model.12 Second, body weight
based allometric scaling was added onto the volumes of distribution (V1, V2 and V3), the
systematic clearance (CL), and the inter-compartment clearance (Q2 and Q3) with an
exponent of 1, 0.75 and 0.75 respectively.13 Last, the age effect of maturation on relative
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change in clearance and central volume of distribution after adjustment for body weight
were also modeled. The maturation of drug metabolizing enzymes starts prenatally — in the
case of morphine, mainly UGT 2B714. Hence, we modeled the relative maturation of
morphine clearance as a function of post-menstrual age (PMA\) as in a previous
publication °:

PMAHillCL

CLmat= - -
PMAHI]ICL+CLmat50HlllCL (1)

HillICL is the Hill coefficient for clearance that defines the steepness of the maturation curve,
and CLmatsg is the PMA at which clearance was 50% of the mature adult value. Morphine
is mainly distributed in extracellular water, which is represented by the central volume of
distribution in the three compartment model. The physiological maturation of extracellular
water as a percentage of body weight was modeled from previous work® and used to adjust
the maturation of morphine central volume of distribution in neonates. Since the maturation
of extracellular water is due to postnatal adjustment to environment and activities, the
extracellular water maturation curve was described by an exponential model as a function of
postnatal age (PNA) as shown in Figure 1. The exponential maturation function is given
below:

Ln(2)
Vimat=1+p0vol e o PNAe—TH )

The final model with the appropriate covariates for typical value of clearance (tvCL), central
compartment volume of distribution (tvV1), inter-compartment clearance (tvQ2, tvQ3) and
peripheral compartment volume of distributions (tvV2, tvV/3) are shown as follows:

Liter /hour

Wt 0.75 Pl\/IAHiHCL
[ ] n T
) PMAHIHCL-’—CLmatSOHIHCL (3)

tvCL=CLstd e <%

Wt n(2)
tvV1=Vlistd e (%) . (H—ﬂvol ° e_PNA'LTv—ozl> Liter

Wi 075
tvQ2=Q2std e (%> Liter /hour
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tvV2=V2std e (E> Liter
70 (6)

Wit 0.75
tvQ3=Q3std e (7—0) Liter /hour

tvV3=V3std e (E) Liter
70 (8)

tvCL and tvV were predicted from the equations above using the covariates PMA, PNA and
Wt (body weight in kilograms). The rest of the parameters in the equation, described below,
were fixed to the values obtained from the previous publication as seen in Table 2. CLstd
and V1std are the clearance and the volume of distribution for the body weight of 70 kg
respectively. Tvol is the maturation half-life of the PNA age-related changes of V1, and {3 vol
is a parameter estimating the fractional difference from V1std at birth. Q2std, Q3std are the
inter-compartment clearance for body weight of 70kg and V2std, V3std are the
corresponding volume of distributions for the body weight of 70 kg. Since the relative
change of other body composition such as intracellular water and body fat is negligible, it
will not dramatically influence V2 and V3. Also, no maturation effect was considered for
inter-compartment clearances Q2 and Q3. Thus, no maturation function was added onto V2,
V3 and Q2, Q3.

External Evaluation of Morphine Pharmacokinetics Model after 1V administration
in Adults and Pediatrics: Five IV morphine PK models as listed in Table 1 were evaluated
(including Bouwmeester 20044, Knibbe 20097, Holford 20125, Wang 20138 and the one we
developed above based on Lotsch 200212) in adults and pediatric populations based on
population predictions using digitized mean concentration time profiles from previously
published morphine PK studies in healthy adults1617, neonates, infants and children after
surgery8-20 and leukemia patients in children2! (individual data). These concentration time
profiles were digitized from the publications using GetData Graph Digitizer (version
2.24.0.25). Predictions of these concentration time profiles were based on the 1V
administration models mentioned above, as well as study design and demographics given in
the publications, including administration route (bolus/infusion), dose, postnatal age,
postmenstrual age and body weight. The comparison of those observed and predicted PK
profiles after administration of I\ morphine in pediatric patients were used as model
external evaluation.

Oral PK Model in Neonates with Abstinence Syndrome—Based on the external
evaluation of the IV morphine models in adults and pediatrics, the aforementioned structural
model we developed based on Lotsch's adults IV morphine model best predicted the external
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source of data; therefore, it was employed as the starting point for estimating the oral PK
parameters. A first-order absorption rate constant (Ka) and bioavailability (F) were added to
model we developed to account for oral administration of morphine. The final three
compartment PK model with first order oral administration of morphine is as follows:

dAa
A KaeA
T aeAa ©)
dA1l CL Q2 Q2 Q3 Q3
G KaeAa— —— e Al — 2 e Al+-"2 0 A2 — -2 g A1+-2" o A
T V2 B vi*hMtye e Vi AT )
da2_Qz2 . Q2 .,
at V1 V2 (12)

dA3 Q3 Q3
S g Al 22 e A
& Vi © v a2

where, Aa is the amount of morphine in the absorption compartment. Al is the amount in
the central compartment. A2 and A3 are the amount in the two corresponding peripheral
compartments. Bioavailability (F) and absorption rate constant (Ka) were estimated by
fixing all the parameters from the previously built IV morphine administration model.

Statistical Model

Between Subject Variability: Between Subject Variability (BSV) was modeled assuming
a log-normal distribution:

P=tvP e ™ (13)

where, P; is the individual PK parameter for patient i, such as CL;, tvP is the typical value of
that PK parameter such as tvCL, n j is the corresponding between subject variability for
patient i which is assumed to follow normal distribution with mean 0 and variance of mpz.
BSV was estimated from the data in this study.

Within Subject Variability: Within Subject Variability (WSV) was modeled using a
proportional residual error model as follows:
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Observed Concentration; ;=C; ; ® (1+¢; ;) (14)

Where Observed Concentration;jand C; j are the observed and individual predicted
morphine concentration in the central compartment for patient i at time j, respectively, &;j is
corresponding proportional error term.

Internal Evaluation of PopPK Model in Neonates—Model evaluation was based
on various goodness-of-fit indicators, including comparisons based on the minimum
objective function value (OFV), visual inspection of diagnostic scatter plots, and evaluation
of estimates of population fixed and random effect parameters.

Normalized Prediction Distribution Error?2 (NPDE) analysis was performed in Phoenix and
NPDE R package?3 (version 2) in R 3.1.2. Two hundreds replications of simulation were
generated for each observation in the original dataset using the final model in Phoenix.
NPDE versus time after dose (TAD) were used to determine whether trends were present.

Nonparametric bootstrap method using Phoenix was used to evaluate the precision of
parameter estimation in the final model?411, 200 replications were generated by re-sampling
from the observed morphine concentration dataset and PK parameters were estimated for
each replicates separately. The median and corresponding 95% percentile interval (2.5 and
97.5" percentiles) obtained from the 200 sets of parameter estimations were compared to the
estimation from FOCE-I.

All the modeling was performed using Phoenix NLME 1.4 (Certara, L.P., 210 North Tucker
Boulevard Suite 350, St. Louis, MO 63101 USA). The first order conditional estimation
method with interaction (FOCE-I) was used in the population modeling process. All the
plots were generated using Phoenix or R 3.1.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Eighty eight blood samples from 34 neonates were used to build the population PK model
after oral administration of DTO. Six neonates (17.6%) were preterm (defined as gestational
age less than 34 weeks) and the rest (82.4%) were full-term. Twenty one neonates (61.8%)
were African-American and the rest (38.2%) were Caucasian. At the beginning of treatment,
the average body weight was 2.9+0.4 kg (mean £ SD); post-menstrual age (PMA) was
39.1+2.1 weeks and post-natal age (PNA) was 2.0+0.9 days.

Population PK Model

Prior IV Model Evaluation—A three compartment structural model with allometric
scaling approach and physiologic considerations successfully extrapolated the 1V morphine
PK profile from adults to pediatrics. PK parameters from a healthy adult IV model,
including CLstd, Q2std, Q3std, Vstd, VV2std and V3std, are provided in Table 2. The
maturation effect on clearance and volume were modeled as a function of PMA and PNA

J Clin Pharmacol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 8

respectively. As previously published®, the time to reach 50% maturation of clearance
relative to adults was 58.3 weeks. Similarly, the time to reach 50% maturation of volume
relative to adults was 9.65 weeks and the relative difference at birth compared to the adult
value was 0.614.

The comparison of the observed and predicted PK profiles after IV morphine administration
in healthy adult and pediatric patients is shown in Figure 2 and 3 separately. There is a high
consistency between our model (indicated as Lotsch 2002 in Figure 2 and Liu 2016 in
Figure 3) predictions and the observations in both adult and pediatric populations. Though
most of the previously published morphine models can predict the observed concentrations
on similar level as shown in Figure 2 and 3, comparisons with them have shown that our
model and Wang's model predict not only the levels but the shape of the concentration time
profile as well.

Oral PK Model in Neonates with Abstinence Syndrome—The structural PK
parameters of the IV model being fixed, the first order absorption rate constant was
estimated to be 0.751 hour ! and the bioavailability was 48.5% in neonates with abstinence
syndrome. Between subject variability (BSV) could only be estimated on clearance. The
estimated proportional residual error was 44.9%. The model parameter estimates are shown
in Table 2.

Internal Evaluation of PopPK Model in Neonates—Goodness-of-fit plots
including population prediction of concentration (PRED) versus observation and individual
prediction of concentration (IPRED) versus observation are shown in Figure 4. No obvious
model misspecification and bias were found from these two diagnostic plots. Bayesian
individual concentration time profiles during the entire study were simulated based on post
hoc PK parameter estimates in four representative subjects. The comparison between the
simulated PK profiles and the observed concentrations in representative neonates are given
in Figure 5.

The histogram plot of NPDE along with corresponding normal distribution curve is shown in
Figure 6a. No trends were visible in the NPDE versus Time after Dose (TAD) and
Population Predicted Morphine Concentration (PRED) plot as shown in Figure 6b and 6c¢.
Evaluation of the NPDE distribution shows that the model adequately describes the observed
data.

Bootstrapping was performed as described in the methods. From the original dataset of 34
patients, 200 replicates were generated. Based on the re-estimation of the PK parameters in
the 200 replications, the bootstrap median and 95% percentile interval are shown in Table 1.
All the point estimates from FOCE-I are comparable to the bootstrap median and fall within
the 95% bootstrap percentile interval. The comparison between FOCE-I estimation and
bootstrap estimation shows that the model is stable and can precisely describe the observed
data.
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Discussion

Neonates are one of the most challenging populations for researchers to conduct clinical
trials with, and thus they remain therapeutic orphans in that the PK and PD of many drugs
are understudied. Due to lack of robust PK understanding, the dosing and clinical
therapeutic effect are not optimized. The situation is even more dire for clinical indications
not included in FDA approved drug labels, such as treatment of NAS. The current clinical
trial provides a unique opportunity to characterize the PK knowledge of orally dosed
morphine in patients with NAS. Prior PK knowledge of morphine, physiologic knowledge
and sparse data from the current trial were successfully integrated to describe the PK of
enteral morphine in neonates with NAS.

Rich sampling in vulnerable neonate population is very challenging, especially for
observational studies. There are both logistic and resource limitations such as obtaining
consent from parents and availability of clinical staff for collecting rich invasive data that are
not part of standard treatment. However, it is these observational studies which render us
with valuable information to improve therapeutics in the future. The well-known pioneering
work of population pharmacokinetics of phenobarbital in neonates?® is a good example of
deriving meaningful PK information using observational sparse sampling data. A reasonable
estimate of bioavailability and other PK parameters is extremely useful for optimizing
therapy. If we don't possess rich prior knowledge, analyzing such observational data is
impossible. In the case of morphine, we have excellent prior knowledge regarding its PK.
Further, not analyzing and reporting such data especially from vulnerable patients poses
ethical issues. We elected to perform exhaustive research to make the best of the available
data to steer future research in this area.

Due to the sparse sampling feature in previously published IV morphine PK models, it is
very challenging to capture the shape of the profile. Moreover, all the observed PK profiles
in rich sampling pediatric studies have shown a multi-phase disposition. Therefore, it is
expected that Bouwmeester's one compartment PK model cannot describe the shape of the
curve well as seen by the black line in Figure 2 and 3. It is to be noted that we ignored a
bilirubin effect originally present in Bouwmeester's model, as the data that we were
predicting into did not provide any information on bilirubin. The inclusion of this bilirubin
effect, that decreased the prediction of morphine clearance, would have increased the
magnitude of over prediction of morphine concentration that was already present.

Meanwhile, Knibbe's model which was developed based on data from pediatrics younger
than 3 years, cannot provide good prediction in adult population as it has a 1.44 exponent on
body weight. The exponent is mostly expected to be around 0.75 in children, adolescents
and adults!3. Though Wang's model predict well in both pediatric and adult population, it
lacks physiological and pharmacological interpretation on its parameters due to forcing the
exponent on body weight as a function of body weight itself. Our model on the other hand
inherits the highly informed structural PK model derived from rich sampling after morphine
IV administration in adults as compared to the previously published morphine PK models in
pediatrics. The use of allometric scaling approach with age maturation models facilitated a
better extrapolation from adult to pediatrics. In external evaluation of the structural IV
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model, the predictions are in good agreement with the observed PK profile in both adults
and pediatrics (Figure 2 and 3). The external evaluation results strongly suggest the high
reliability of the structural 1V model and provided the confidence to employ this IV model as
the starting point for estimating the oral PK parameters in neonates. The adult PK model,
knowledge in pharmacology and physiology attribute to our understanding of oral morphine
PK in neonates, even with our sparse sampling design.

The previously published population PK model of morphine from which we borrowed the
maturation curve of clearance® as prior in this study found that clearance is different
between preterm and full term neonates. They interpreted this difference as the result of
mechanical ventilation, and not an inherent physiologic difference between preterm and full
term neonates or maturation in PMA. Although 6 of 34 neonates were preterm in our study,
they were not adjusted by the ventilation scaling factor used in the Holford publication for
two main reasons. First, the preterm neonates in our clinical trial were very close in age to
full term neonates given the average PMA was 34.5 weeks (compared to 27.35 weeks in
their publication). Second, preterm neonates in our study did not receive mechanical
ventilation after delivery.

The estimated oral bioavailability of 46.3% in neonates is higher than the observed rectal
bioavailability of 35% after hydrogel administration (4 to 43 months) and the observed rectal
bioavailability after the administration of morphine solution (5 to 31 months) of 27% in
infants and children1®, Also, the estimated oral bioavailability in neonates is higher than the
oral bioavailability of 23.9% in healthy adults26. The higher bioavailability in neonates and
the decreasing trend in bioavailability from neonates to adults fits well with our
understanding of the physiology which dictates morphine disposition. There is lower
expression of UGT2B7 per unit of hepatocyte in neonates; this is the major enzyme that is
responsible for the metabolism of morphine and it is accounted for by the age effect in the
clearance model. Additionally, the smaller liver size is accounted for by body weight in the
clearance model, and both of these physiologic differences result in lower metabolic
function and morphine clearance. This lower systemic metabolic function leads to lower
systemic clearance and first-pass effect after oral administration resulting in higher
bioavailability.

Recently, allelic variability in OCT1 was proven partly responsible for the racial difference
observed in morphine clearance between Caucasians and African-Americans. This study
used a population approach to estimate pharmacologic parameters after the administration of
IV morphine in children?”:28, However, in our study, genotype of OCT1 was not collected
and the race covariate did not influence the clearance based on the visual inspection of post
hoc PK parameter estimates.

Conclusion

Overall, the population PK model of morphine after oral administration of DTO is
reasonable and acceptable, and can be used to guide future studies by simulating exposure
under different dosing regimens among various neonates with NAS. The integration of the
previous population PK knowledge as prior information served to confirm the previous
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model and reaffirm the physiologic basis of extrapolation to neonates. Furthermore, this
approach is an efficient way to combine multiple prior studies with sparse neonatal data in
order to make big decisions with little data. We feel that this approach is especially valuable
in this vulnerable population.
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External evaluation of morphine structural models a) after IV bolus administration of
morphine 0.14 mg/kg plus infusion of 0.05mg/kg/hour for 4hours in 20 healthy adults with
mean age 24.6 years and mean body weight 74.2kg1’. b) after IV bolus administration
10mg/70kg in 6 healthy volunteers with mean body weight 71.4kg and mean age 25.8
years!6,
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Figure 3.

External evaluation of morphine structural model after intravenous bolus administration a) in
infants undergoing elective surgery (mean age 21 months)29. b) in children with leukemia
undergoing therapeutic lumbar puncture (median age 5.5 years and median weight 20.0
kg)?1 c) in neonates (N=10, mean age 1.1 days and mean weight 3.5kg)8 d) in neonates
(N=10, mean age 29 days and mean weight 3.9kg)!8 e) in infants (N=7, mean age 112 days
and 6.2kg)18 f) in infants (N=5, mean age 0.3 years and mean weight 5.3kg)2° g) in children
(N=5, mean age 3.7 years and mean weight 16.3kg)Z° h) in children (N=4, mean age 6.4
years and mean weight 22.3kg)2°

J Clin Pharmacol. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

a)

Observed Morphine
Concentration (ug/Liter)

Page 16
b)
100 — 1005
= @ - E e ®
] o’ v i ¢
2B, £5
F XY £ R e
= ° o e g "-c-' ] F .0 %
> oo zs
P °
i ® b = % g ] ~..
' e 28 13 .
5 O 5 .
- ) =
0-1 LI I'TTH[ || 1T'-1T] LI l[HTll 0-1 UL II[III] LI l'lllil I Ilillll
0.1 1 10 100 0.1 1 10 100
Population Predicted Morphine Individual Predicted Morphine
Concentration (ug/Liter) Concentration (ug/Liter)
Figure 4.

a) Population predicted plasma concentration versus observed plasma concentration. b)
Individual predicted plasma concentration versus observed plasma concentration
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Table 1

Summary of Previously Published Morphine 1V Models

Publication

Demographics

PK Model

Parameterization

Bouwmeester?

Number of
subjects: 184
Number of
samples: 1856
Mean age: 195
(range:
0-1070) days
Mean body
weight: 5.9
(range:
1.9-16.8) kg

1-Compartment Model

PMAHillCL

Wt 0.75
tvCL=CLstde | — - -
v stde ( 70 > * PMVIA HIlICL F CLmatgoHUCL

) ° <1+ﬂvol oo PNAe LTI\]/(:I)> Liter

tvV1=Vlistd e (

Liter/hour

Holford®

Number of
subjects: 875
Number of
samples: 1598
PNA: 0.27
(SD: 0.26,
range: 0-2.84)
weeks, PMA:
27.35 (SD:
2.31, range:
23-32) weeks
Body weight:
1.04 (SD: 0.35,
range: 0.42—
2.44) kg

with data from
Bouwmeester*

2-Compartment Model

0.75 PMAHillCL
tvCL=CLstde

° PMAFTICL | CLmat,TIOL

Ln(2)
tvV1=Vistd e ° <1+ﬂvol o o PNACTT ) Liter

tvQ2=Q2std e Liter /hour

Ln

(2)
tvV2=V2std e ° <1+ﬂvol o o PNAe ot ) Liter

Liter/hour

Knibbe”

Number of
subjects: 248
Number of
samples: 792
Median body
weight: 3.58kg
(25-75
percentile: 2.2
-7.0);

Median PNA:
33 (25-75
percentile:
0.95 - 203)
days

Median PMA:
41.9 (25-75
percentile:
35.6 - 62.6)
weeks

2-Compartment Model

tvCL = CLstde(Wt)144 Liter/nour
tvV1 = Vistde(Wt)Liter
tvQ2 = Q2std Liter/hour
tvV2 = VV2stde(Wt)Liter

Wang®

Number of
subjects: 475
Number of
samples: 9494
Body weight
range: 0.56-85
kg

Age range: 0.1
days-36 years

2-Compartment Model

Wt X
tvCL=CLstd e (7—0> Liter/hour
kmax ° Wt4'62
- kz51062+Wt4.62
tvV1=Vlstd e (?—J) Liter

Wt
tvQ2=Q2std e (—) Liter/hour

k=ko

70

tvV2=V2std e (%) Liter

Lotsch

Number of
subjects: 8

3-Compartment Model

(No body weight, PMA and PNA was used for parameterization)
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Publication

Demographics

PK Model

Parameterization

Number of
samples: 152
Mean PNA:
26.4 years
Mean body
weight: 70.5

kg

PMA.: post menstrual age

PNA: post-natal age
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