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Abstract

Objective—Neonatal abstinence syndrome (NAS)—a clinical entity of infants from in utero 
exposure to psychoactive xenobiotic and buprenorphine—has been successfully used to treat NAS. 

However, nothing is known about the pharmacokinetics (PK) of buprenorphine in neonates with 

NAS. To our knowledge, this is the first study to investigate the population pharmacokinetic of 

sublingual buprenorphine in neonates with NAS.

Design—A retrospective population PK analysis of: (1) neonates with NAS treated with 

sublingual buprenorphine in randomized, double blinded clinical study and (2) data from healthy 

adults from a previously published pharmacokinetic study.

Setting—Neonatal intensive care unit and general clinical research unit.

Patients—Twenty-four neonates with NAS and five healthy adults.

Interventions—All participants received sublingual buprenorphine per study protocol.

Measurements and Main Results—A total of 303 PK data from 29 neonates and adults were 

used for model development. A population pharmacokinetic analysis was conducted using a first 

order conditional estimation with interaction in the NONMEM software program. A two-

compartment linear PK model with first-order absorption process best described the 
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pharmacokinetics of sublingual buprenorphine in neonates. The apparent clearance (CL) of 

buprenorphine was linearly related to body weight and matured with increasing age via two 

distinct saturated pathways. A typical neonate with NAS (body weight, 2.9 kg; postnatal age; 5.4 

days) had a CL of 3.5 L/kg/hour and elimination half-life of 11 hours. Phenobarbital did not affect 

the clearance of buprenorphine compared to neonates of similar age and weight.

Conclusions—This is the first study to investigate the population PK of sublingual 

buprenorphine in neonatal NAS. To our knowledge, this is also the first report to describe the age-

dependent changes of buprenorphine PK in this patient population. No buprenorphine dose 

adjustment is needed for neonates with NAS treated with buprenorphine and concurrent 

phenobarbital.
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Neonatal abstinence syndrome (NAS) is a clinical entity of infants from in-utero exposure to 

psychoactive xenobiotic, and is most notably associated with opioid exposure. Fifty percent 

of infants born with in-utero exposure have NAS symptoms severe enough to require 

pharmacologic therapy.1 The incidence of NAS has increased almost three-fold in the decade 

ending in 2009, with a yearly treatment cost in the United States of $720 million.2 Evidence-

based guidelines identify opioids as the primary pharmacologic treatment option for NAS.3 

Morphine and methadone are the most commonly used medications to treat patients with 

opioid-associated NAS.4 However, optimized treatments of these drugs in NAS have been 

hampered by a lack of clear understanding of the exposure-response relationship for 

selecting rational dosage regimens. Such an understanding would greatly benefit NAS 

patients as current approaches are associated with long inpatient treatment stays, which can 

interfere with maternal bonding, increase the potential for nosocomial infection, and elevate 

resource use.5–7

Buprenorphine is a partial μ agonist and κ-opioid antagonist that has been successfully used 

to reduce illicit opioid use in addicted adults.8 Buprenorphine has a number of 

characteristics that may make it an appealing agent for the pharmacologic treatment of NAS. 

It has an established safety profile in adults and adolescents and a decreased risk of overdose 

compared to full agonists.9 There is a lack of the cardiovascular toxicity of torsades de 

pointes observed with methadone.10 Lastly, the long half-life and duration of action for 

preventing withdrawal symptoms make buprenorphine a potentially appealing drug for 

treatment of opioid-associated NAS.4, 9, 10 While a pilot randomized control trial suggested 

that buprenorphine had greater efficacy compared to morphine with regard to length of 

treatment,6 the dosing regimen employed was empiric and the exposure response 

characteristics remain undescribed.6

The pharmacokinetic (PK) profile of buprenorphine has been extensively studied in adult 

populations.11–14 After oral dosing with buprenorphine, systemic bioavailability is about 

16% due to high-pass metabolism.13, 15, 16 Therefore, buprenorphine is dosed sublingually, 

with a bio-availability between 30–50%.15, 17, 18 Buprenorphine is metabolized by 

cytochrome P450 (CYP) 3A4, and to a lesser extent CYP2C8, to the putatively active 
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metabolite, norbuprenorphine; both undergo glucuronidation before elimination.19 Apparent 

clearance and terminal half-life of sub-lingual buprenorphine in adult populations are 210.4 

L/hour and 27.7 hours, respectively.20 There has been very limited information related to PK 

of buprenorphine in neonatal or pediatric populations.21 Published pharmacokinetic 

parameters are limited to a single investigation of preterm infants treated with opioid 

analgesia employing a radioimmune assay.22 Finally, nothing is known about buprenorphine 

PK in neonates with NAS.

We used pharmacokinetic data collected in the Phase 1 clinical trials of sublingual 

buprenorphine in NAS patients and pharmacokinetic study of healthy adult to develop a first 

population pharmacokinetic (PPK) model that can: (1) describe the disposition/elimination 

of buprenorphine and (2) identify/quantify the effect of patient characteristics on 

pharmacokinetics of buprenorphine in patients with NAS.

Methods

Data

The data were obtained from neonates with NAS treated with sublingual buprenorphine in a 

randomized, double blinded clinical study to compare buprenorphine and morphine in the 

treatment of NAS6, 23 (NCT 00521248). The study was approved by the Institutional Review 

Board at Thomas Jefferson University. In this study, plasma PK samples were collected as a 

trough or peak (generally within an hour before or after a dose), with allowance made in 

collection time to facilitate the clinical care of infants.24 In addition, the published 

pharmacokinetic data with intensive PK sampling schedules from five healthy male 

volunteers who received a single 4 mg sublingual buprenorphine were included in the 

analysis.20 The study was approved by the Francis Scott Key Institutional Review Board. 

The PK samples were obtained at predose, 0.04, 0.08, 0.13, 0.17, 0.25, 0.33, 0.50, 0.75, 1, 

1.5, 2, 3, 4, 5, 6, 7, 10, 13, and 23.75 hours after dose administration.

Sample Analysis

Liquid chromatography–tandem mass Spectrometry (LC-MS/MS) determination of 

buprenorphine was performed using our previously described method24 modified for use of 

0.1-ml aliquots as described in our previous paper on neonates.6 In brief, 0.1-ml aliquots of 

neonate sample were brought to 0.5 ml with drug-free plasma, fortified with internal 

standard (buprenorphine-d4), made basic with NaOH and extracted with n-butyl chloride 

and acetonitrile (4:1 v/v). Samples were then analyzed on a Thermo Finnigan TSQ Quantum 

(Thermo Fisher Scientific, Waltham MA) equipped with Thermo Scientific Surveyor LC 

system with electrospray ionization and the MS in the selected reaction-monitoring mode. 

Precision (% coefficient of variation) of the quality control samples over the course of 10 

analytical runs were 0.25 ng/ml – 17.2%; and 7.5 ng/ml – 5.2%. The PK samples from the 

adult study were analyzed using negative chemical ionization tandem MS as previously 

described.20, 25 The limit of quantitation for buprenorphine assay was 0.20 ng/mL. The 

between-run and within-run precisions were 13.8% and 9.8%, respectively.
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Population Pharmacokinetics

The population pharmacokinetic (PPK) parameters for buprenorphine were obtained from 

routine clinical data using nonlinear mixed-effects modeling (NONMEM version 7.2, ICON 

Development Solutions, Ellicott City, MD) with first order conditional estimation with 

interaction (FOCE). Two different basic structural models, a one- and two-compartmental 

linear PK model with first-order linear absorption process, were fit to buprenorphine 

concentration-time data. In addition, several models with different absorption processes 

were examined. A log-normal distribution model was used to describe the inter subject 

variability of PK parameters. Additive, proportional, and combined (additive and 

proportional) residual error models were considered during the model-building process. The 

details of the covariate model development using stepwise approach are described in the 

Appendix 1.

Comparison of alternative structural models and construction of the covariate model was 

based on the typical goodness-of-fit diagnostic plots and likelihood ratio test. To 

discriminate two nested models and select significant covariates, a difference in an objective 

function of >6.64 (1 degree of freedom), which corresponds to a significant level of p<0.01, 

was used. Akaike information criterion (AIC) was used to select non nested model. A 

bootstrap resampling technique was used to evaluate the stability of the final model and 

estimate the confidence interval of parameters.26, 27 Because there were two different 

populations in the analysis, the bootstrap samples were obtained using stratified sampling 

technique in order to match the numbers of healthy adult and NAS subjects in the original 

data. The results from 1000 successful runs were obtained, and the mean and 2.5th and 

97.5th percentiles (denoting the 95% confidence interval) for the population parameters 

were determined and compared with the estimates of the original data.

Results

Buprenorphine PK data (n=209) from 24 neonates with NAS and from 5 healthy male 

volunteers (n=94) were included in the final analysis. Therefore, a total of 303 PK data from 

29 patients and volunteers were used for model development. The demographic data of the 

neonates with NAS are shown in Table 1. Sixteen of the 24 neonates were male (67%) and 6 

(25%) also received phenobarbital treatment. The median gestational age was 39.2 weeks 

(range: 36.6–41.2). The median postmenstrual age was 41.0 weeks (range: 37.2–46.6). 

Median gestational weight was 2.9 kg (range: 2.2–4.1).

Both one- and two-compartment PK model with linear absorption and elimination process 

were tested as the base model. The two-compartment model was selected as the structural 

model based on the change of objective function (p<0.01) and diagnostic plots. The 

NONMEM subroutine ADVAN4 TRANS4 was used for the two-compartment model fitting. 

Removal of both interindividual variability terms of apparent distribution clearance (Q) and 

central distribution volume (V2) did not result in a statistically significant increase in the 

objective function (p>0.01); therefore, only interindividual variability of apparent clearance 

(CL) and distribution volume of peripheral tissue compartment (V3) were retained in the 

model. Initially, a two-compartment linear PK model with a single first-order linear 

absorption process was used to describe the data. However, this model had difficulty 

Ng et al. Page 4

Pharmacotherapy. Author manuscript; available in PMC 2016 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



achieving a successful COV step in NONMEM for standard error estimate of model 

parameters. Therefore, several models with different absorption processes were constructed 

and compared. The two-compartment PPK model with separate linear absorption processes 

for healthy adult and NAS patients was the most stable model in describing the observed 

data, and decreased the inter subject variability of the Ka by about 30%. Therefore, this 

model was selected as the final structural model for covariate model development.

After the effect of WT on PK parameters were accounted for in the model, PNA was the 

only significant covariate to explain interindividual variability for both CL and V3. No 

significant differences in CL and V3 were observed between neonates treated with or 

without phenobarbital. Therefore, the final model with covariates was described as follows:

(1)

(2)

where θCL and θV3 represent the typical values of CL and V3 in reference adult subject with 

WT of 70 kg, respectively.

Two different saturated models were used to describe the effect of PNA on CL. The first 

saturated pathway was described by the sigmoid Emax model with maximum effect (Emax), 

PNA value that produced a 50% maximum effect (KM), and a slope factor (SLP). The 

second saturated pathway was described by the first-order equation with a single saturation 

rate constant TF. A single saturated model was used to describe the effect of PNA on V3. In 

this model, BASE is the baseline parameter used to describe V3 at PNA=0. KMV3 and SLP1 

are PNA values that produce 50% of the (1-BASE) effect and slope factor, respectively. The 

parameter estimates of the final model are summarized in Table 2. All parameters were 

determined with good precision with percent standard error of the parameter estimates 

<50%. The θCL was 141 L/hour, and the KM was 0.271 days with the SLP of 5.00, 

indicating that this PNA-dependent CL pathway was completed much faster than the second 

pathway with a TF of 0.177 per day. The calculated times to reach 50% and 90% of the 

weight-adjusted adult CL were 0.50 and 9.35 days, respectively (Figure 1A). Given that both 

WT and PNA affected the CL of sublingual buprenorphine, the calculated typical CL were 

0.161, 1.34, 6.47, 7.27, 8.19, 11.8 and 12.9 L/hour for NAS patients with median WT of 2.9 

kg and PNA of 0.1, 0.2, 0.5, 1, 2, 10 and 50 days, respectively. The calculated typical CL 

were 5.17, 7.70, 11.8, 14.6, 17.3, and 29.1 L/hour for NAS subjects with median PNA of 8.7 

days and WT of 1, 2, 3, 4, 5, and 10 kg, respectively. The buprenorphine was absorbed 

relatively quickly after sublingual administration and the typical values of Ka for healthy 

adult and NAS patients were 0.642 and 0.416 per hour, respectively. The typical value was 

205 L for V2 (θV2) and 621 L/hour for Q (θQ). The typical value of V3 (θV3) was 3218 L, 
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indicating that buprenorphine was distributed widely into the tissue compartment. The 

BASE was 0.0268 or 2.68% of the weight-adjusted adult level. The KMV3 was 0.788 days 

with slope factor of 5.00, suggesting that V3 of the buprenorphine reached 50% and 90% of 

weight-adjusted adult level at about 0.788 and 1.30 days, respectively (Figure 1B). The inter 

individual variances were 0.177, 0.523, and 2.32 for Ka, CL and V3, respectively. The 

removal of the additive error from the model did not cause significant increase in objective 

function (p>0.01), and therefore, this term was dropped from the final model with 

covariates. The observed buprenorphine concentration-time profiles were reasonably 

described by the final model with covariates. Figure 2(A) includes individual predicted 

versus observed buprenorphine concentrations for all subjects in this analysis. Generally, 

there was a good agreement between the predicted and observed data except that the model 

over-predicted several observed buprenorphine concentrations in NAS patients, and the 

model diagnostic plots (Figures 2 and S1) of the final model did not identify systematic bias. 

Representation plots of observed and individual predicted buprenorphine concentration-time 

data in six NAS and five healthy adult volunteers are shown in Figures 3 and 4, respectively. 

These plots further demonstrated that the final model with covariate reasonably described 

the data.

From the original data set, 1500 replicate data sets were generated and used for the 

evaluation of the stability of the final model. NONMEM achieved successful minimization 

steps for 1465 out of 1500 (97.7%) replicated data set, suggesting that the model was 

relatively stable. The result from the first 1000 runs is shown in Table 2. The mean 

population parameters obtained from the bootstrap procedure were similar to the parameter 

estimates of the original data set, again indicating that the developed population PK model 

was stable. However, there was a relatively large 95% confidence interval for the 

interindividual variance of ω2
Ka, Km, and BASE from the bootstrap procedure compared to 

the standard error of estimates of CL obtained from the original data set. This may be due to 

data limitation and/or the presence of the influencing subjects with PK parameters and 

observation significantly deviated from the population reference value.

Discussion

This is the first study to investigate the population pharmacokinetic of buprenorphine in 

NAS patients. To our knowledge, this is also the first report to describe the age-dependent 

changes of buprenorphine pharmacokinetics in this patient population. In this study, we 

demonstrated that phenobarbital treatment has no effect on the CL of buprenorphine in NAS 

subjects. While unexpected, given the known induction of CYP 3A isoenzymes, this is a 

reassuring finding for clinicians treating NAS patients with buprenorphine and 

phenobarbital.

A few studies have investigated the pharmacokinetics of intravenous buprenorphine in new-

born infants and children,22, 28 but none have employed the population pharmacokinetics 

(PPK) approach. These studies involved small numbers of patients and employed traditional 

pharmacokinetic methods, which require a dense PK sampling schedule where 6–11 samples 

were obtained during the dosing interval. In contrast, PPK methods are based on statistical 

models that offer the possibility of using limited PK data obtained from a sparse sampling 
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strategy to study the drug absorption, distribution, and metabolism of the buprenorphine. 

This is an obvious advantage when studying neonates, for whom dense PK sampling raises 

ethical concerns about the blood volume required for the study.29

Buprenorphine is a highly lipophilic drug that widely distributes into tissue, and therefore, 

the plasma concentration-time profiles of buprenorphine are usually best described by two- 

or three-compartment models after intravenous administrations.11–13, 20 Using only sparse 

PK data from NAS patients failed to construct a reasonable PPK model. Hence, additional 

dense PK data from healthy adult volunteers were added and combined with the neonatal PK 

data for model development using allometric principles.30–33 The science of allometry is 

well established32–34 and has been repeatedly used for size standardization in PK34 and 

pediatric PK analyses in patients with wide age range.31, 35 These combined data were 

successfully used to develop a stable structural PPK model in this analysis, using a 

population modeling approach with allometric principles.

The model estimated that clearance of sublingual buprenorphine for a typical 70 kg adult 

subject was 141 L/hour (2.0 L/hr/kg), which was within the range of 1.3–3.2 L/hour/kg 

reported in previous adult studies.18, 20 The most important biological covariates for 

predicting buprenorphine apparent clearance in NAS neonates were WT and PNA. Each of 

these factors is related to the development stage of the neonates. In addition, these two 

factors are highly correlated and rapidly changing over time. To study the potential age-

dependent changes in the PK parameters, the actual weight measured during the PK 

sampling times was used. Using this time-dependent WT information together with fixing 

the allometric coefficient of 0.75 for clearance terms and 1 for volume terms based on 

allometric principle31, 32, 34 in the modeling process allowed us to uniquely identify the age-

dependent effect on PK parameters. The model indicated that the buprenorphine CL 

gradually reached the adult level with increasing age via two distinct mechanisms, and the 

older neonate is expected to have a higher rate of CL than a younger neonate of equal body 

weight. These age-related changes in the CL after sublingual administration may be due to 

age dependent changes in metabolism, sublingual absorption, or both. However, without IV 

buprenorphine PK data in both NAS patients and adults, it is impossible to identify the 

precise roles of the metabolism and absorption alteration in the age-dependent CL observed 

in this study. The mean CL in the studied NAS patients with median WT of 2.9 kg and PNA 

of 5.4 days was 10 L/hour 3.5 L/hr/kg). To our best knowledge, this is the first reported 

clearance value of sublingual buprenorphine in neonates. Using the reported clearance of 

0.26 L/hour/kg after intravenous buprenorphine administration in neonates,22 the estimated 

bioavailability of the sublingual buprenorphine in the NAS subjects was about 7%, which 

was lower than the range of 28–36% reported in adult subjects.15 The relatively low 

bioavailability of sublingual buprenorphine in NAS subjects may be due to (1) age-related 

changes in saliva flow rate, oral mucosal pH and thickness in adults and neonates that 

affecting the drug absorption,36 and/or (2) the majority of the administered drug could be 

accidently swallowed and subjected to extensive first-pass effects for low oral absorption.37 

However, without an appropriate control group (i.e., neonates receiving oral buprenorphine), 

it was difficult to identify the causes for the relatively low bioavailability of sublingual 

buprenorphine observed in this study. The corresponding terminal half-life predicted from 
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the model was 11 hours, which was within the reported range of 1–20 hours in a neonatal 

population after intravenous buprenorphine administration.22, 28

Buprenorphine is extensively metabolized by N-dealkylation to norbuprenorphine via 

cytochrome P450 (CYP) 3A4-mediated pathway.38 Phenobarbital is a well-known inducer 

of CYP3A439 and, therefore, may potentially decrease the clearance of buprenorphine when 

these two drugs are administered together in neonates with NAS. However, our study results 

suggest that phenobarbital did not affect the clearance of buprenorphine compared to 

neonates of similar age and weight. Buprenorphine was a high extracted drug, with a hepatic 

extraction ratio estimated to be close to 1.38 It is well-known that for the sublingual route of 

administration with minimal first-pass effects, clearance of the drug with high extraction 

ratio is mainly dependend on hepatic blood flow and not affected by the changes of intrinsic 

clearance (CLint).40 Therefore, increasing CLint of buprenorphine due to CYP3A4 

induction by the phenobarbital had only minimal effect on the buprenorphine clearance in 

neonates with NAS, which was consistent with the findings observed in our study. Another 

possible explanation for the lack of PK interaction between phenobarbital and 

buprenorphine observed in this study is the low statistical power due to the small number of 

studied patients and volunteers included in the analysis. Further study with a larger number 

of neonates with NAS is needed to confirm the results of this study.

The ratio between the intersubject variance from final model with covariates to the model 

without co-variates provided an indication of how important covariates information was in 

explaining the population variability of the PK parameters.26, 27, 29 For example, the ratio of 

0.95 achieved for CL in this study indicates that (1–0.941)*100=4.9% of the overall 

variability in clearance is predictable from covariate information. Weight and age only 

explained 4.9% and 4.5% of the inter individual variability of CL and V3, respectively. The 

intersubject variability of CL remained relatively large even after WT and PNA were 

included as important covariates in the final model, suggesting that other covariates such as 

genetic polymorphism of metabolizing enzymes/transporter and the hemodynamic/clinical 

status of the NAS patients may be needed to reduce the variability of the buprenorphine PK 

in these patients. Nevertheless, this developed PPK model represented our first-step of 

developing a population pharmacokinetic-pharmacodynamic (PKPD) model to guide the 

selection of optimal dosage regimen of buprenorphine in NAS subjects.

Because PK data from NAS patients alone was unable to support a reasonable PPK model, 

additional adult PK data that used different analytical assay for buprenorphine 

concentrations was included in the analysis. However, the potential differences of the 

analytical assays in NAS and adult subjects could have generated bias in our study results. In 

PPK analysis, residual variability was partly due to the variation in the analytical assay.41 

Attempt to quantify the potential differences of these analytical assays by assigning separate 

residual variance models to NAS and adult subjects failed to improve the model 

prediction.42 Therefore, the final model assumed that both NAS patients and adult 

volunteers shared the same residual variability, suggesting that these two different assays 

were relatively well validated and consistent, with no significant differences between the 

assay.41 This final model was stable and produced reasonable good prediction for sublingual 

buprenorphine in NAS patients. Nevertheless, follow-up studies are ongoing to obtain 
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additional optimal PK samples in NAS subjects for developing a more robust PPK model 

with good model parameter estimates without adult PK data.

In summary, we have created the first population pharmacokinetic model of buprenorphine 

in the neonatal population. This will assist in creating rational dosing regimens for this 

clinical entity, which has increased dramatically over the past decade. The described model 

is also notable for being the first involving a sublingually administered medication in the 

neonatal patient population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX: COVARIATE MODEL DEVELOPMENT

Covariate Model Development

After the PK structure model was selected, covariate models were built using a 2-step 

approach with the impact of weight (body size) on all pharmacokinetic parameters except 

Ka was described by allometric model:

A1

in which TVP is the typical value of a PK parameter, θTVP is an estimated parameter for 

describing the typical PK parameter value for an individual with weight equal to the 

reference weight WTref; WTi is a body weight of individualt i; and θa is an allometric power 

parameter. During the model-building process, the standard adult referenced weight of 70 kg 

was used as WTref, and θa was either estimated or fixed at a value of 0.75 for clearance and 

a value of 1 for volumes on the basis of physiologic consideration of size impact on 

metabolic process.33, 43 For the first-step model development, a model for biological 

covariates (i.e., postnatal age) was built using the stepwise selection approach.29 The 

baseline gestational age and post menstrual age were not tested as biological covariates in 

the analysis because this information was not available in adults. Therefore, only WT, 

postnatal age (PNA), and gender were tested as biological covariates. Several covariate 

models including linear model, an exponential model, and sigmoidal saturation model with 

time-varying PNA were used to explore the age-related changes in PK parameters.44 After 

the effects of the biological covariates were incorporated in the model, the effects of 

phenobarbital treatment on PK parameters were tested to yield the final model. This 

sequential approach was taken to minimize confusion between any changes in PK 
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parameters related to weight and other biological covariates and any changes resulting from 

phenobarbital treatment.26
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Figure 1. 
A) Clearance and B) distribution volume at peripheral compartment change with postnatal 

age in neonatal abstinence syndrome patient population.

Ng et al. Page 13

Pharmacotherapy. Author manuscript; available in PMC 2016 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Individual predicted vs observed concentrations.
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Figure 3. 
Observed vs model predicted concentrations in NAS subjects. Open circle - observed 

concentrations; dotted line – population predicted concentrations (PRED); solid line – 

individual predicted concentrations (IPRED).
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Figure 4. 
Observed vs model predicted concentrations in healthy adult subjects. Open circle: observed 

concentrations; dotted line: population predicted concentrations; solid line: individual 

predicted concentrations.
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Table 1

Demographic data of Neonatal Subjects with NAS for Model Development

Mean (SD) Median (Range)

WT (kg) 2.9 (0.5) 2.9 (2.2–4.1)

PNA (days) 8.7 (9.1) 5.4 (0.1–49.3)

NAS, neonatal abstinence syndrome; WT, body weight; PNA, postnatal age; SD, standard deviation.
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Table 2

Parameter Estimates of the Final Population Pharmacokinetic Model and the Stability of the Parameters Using 

a Bootstrap Validation Procedure

Original Data Set 1000 Bootstrap Replicates

Estimate SE Mean 95% CI

Structural Model

0.642 0.127 0.641 0.429–0.948

Ka (hr−1)

0.416 0.120 0.411 0.182–0.655

Ka_NAS (hr−1)

 θCL (L/hr) 141 17.4 157 112–234

 θV2 (L) 205 47.7 203 113–297

 θQ (L/hr) 621 165 589 283–812

 θV3 (L) 3218 569 3514 1488–6053

Inter individual Variability

  ω 2 Ka 0.177 0.0630 0.131 0.00979–0.246

  ω 2 CL 0.523 0.212 0.446 0.127–0.864

  ω 2 V3 2.32 1.01 2.10 0.537–4.31

Covariate Model

 WT Effect on CL and Q 0.750 (Fixed) – – –

 WT Effect on V2 and V3 1.00 (Fixed) – – –

PNA Effect on CL

 KM (days) 0.271 0.0490 0.214 0.00398–0.347

 Emax 0.477 0.142 0.464 0.135–0.743

 SLP 5.00 (Fixed) – – –

 TF (day−1) 0.177 0.0751 0.152 0.0203–0.300

PNA Effect on V3

 BASE 0.0268 0.00586 0.0258 0.00377–0.0485

 KMV3 (days) 0.788 0.0701 0.734 0.519–0.886

 SLP1 5.00 (Fixed) – – –

Residual Variability

 Proportional error σprop 0.466 0.0589 0.444 0.358-0.526

SE=standard error of estimates; 95% CI=95% confidence interval; θCL, θV2, θQ, and θV3 represented typical values of CL, V2, Q, and V3 for 

reference adult with body weight of 70 Kg, respectively. ω2Ka, ω2CL, and ω2V3 represented population variance of Ka, CL, and V3, 

respectively. Emax, KM, and SLP represented the maximum effect, PNA value that produced 50% maximum effect, and slope factor, respectively, 
for the first PNA-dependent CL maturation pathway. TF was the first-order rate constant for the second PNA-dependent CL maturation pathway. 
BASE was the baseline parameter for V3 when PNA=0; KMV3 and SLP1 represented the PNA value that produced 50% of the (1-BASE) effect 

and slope factor for the PNA-dependent V3 maturation pathway.
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