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ABSTRACT
Ondansetron is an anti-emetic 5-HT3 receptor antagonist being investigated for treating neonatal opioid withdrawal syndrome 
(NOWS). Sparse PK data were analyzed from a multicenter, double-blind clinical trial with 98 mother/neonate dyads. Pregnant 
women with opioid use disorder were randomized to receive either placebo or ondansetron 8 mg intravenously within 4 h of de-
livery. Neonates born to mothers who were randomized to ondansetron received 0.07 mg/kg orally once every 24 h for up to five 
doses. Using current PK data, model parameters from a two-compartmental structural model from the literature (i.e., a priori 
model) were updated with the Metropolis-Hastings Markov-chain Monte Carlo estimation algorithm in NONMEM. The updated 
Bayesian model indicated a slower absorption rate (KA) but no differences in model parameters (CL, V, V2, Q) after includ-
ing body weight and postmenstrual age. Sensitivity analyses on CL prior revealed statistical improvement favoring larger body 
weights, but not changes in postmenstrual age. However, further model development using larger body weights did not illustrate 
superior performance through visual inspection of diagnostic plots. Overall, a cumulative AUC of at least 1000 ng*h/mL appears 
to be the threshold for reductions in symptom severity. Exposure-response analyses suggest the total number of doses to be the 
primary driver for efficacy with respect to AUC, which reasonably aligns with the literature. Overall, it is suggested that at least 
three doses of the current oral ondansetron regimen are required to reduce symptom severity in neonates.

1   |   Introduction

The consequences of the opioid epidemic in the United States 
are a public health challenge. Neonatal opioid withdrawal syn-
drome (NOWS) is a condition where withdrawal signs develop 
in newborns with in utero opioid exposure [1]. The increased 
incidence of NOWS has paralleled the increase in opioid use dis-
order, with 6.2 cases of NOWS per 1000 live births in 2020 [2–4]. 
The American Academy of Pediatrics endorsed nonpharmaco-
logic measures as the basis of therapy, with the use of an opioid 
(morphine, methadone, or buprenorphine) as the first-line phar-
macologic agent for treatment of severe signs of withdrawal [5]. 

Prolonged hospital stays for pharmacologic treatment of NOWS 
impairs maternal bonding and is associated with substantially 
increased health care costs [6]. While inpatient use of opioids in 
NOWS is generally safe, concerns about the impact that opioids 
can have on neurodevelopment have been raised [7]. Thus, treat-
ment approaches that minimize opioid exposure would provide 
a therapeutic advantage.

Analysis of murine models identified alleles within the Htr3a 
gene, which encodes the 5-hydroxy tryptamine 3a (5-HT3a) re-
ceptor, as associated with opioid withdrawal severity [8]. The 
5-HT3 antagonists ondansetron and palonosetron reduced 
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opioid withdrawal severity in mice and in human volunteers 
[8–10]. Given its widespread use and established safety in 
pregnancy [11, 12], the ability of ondansetron to reduce NOWS 
severity and the number of neonates that require opioid treat-
ment was investigated in a multicenter study. Earlier simula-
tions based on healthy pregnant women and their newborns 
informed ondansetron dosing in the efficacy study, which 
demonstrated a statistically significant decrease in symptom 
severity but a non-statistically significant decrease in the mean 
length of hospitalization and median dose of morphine [10, 13]. 
The simulations were limited as external oral doses were not 
administered to neonates and the assumption that ondanse-
tron absorption in neonates was similar to adults. Moreover, a 
recent murine pharmacokinetic analysis revealed that ondan-
setron concentrations in the brain are 1000-fold lower than the 
blood concentrations and brain concentrations decrease rap-
idly after administration [14]. These results suggest that there 
is an opportunity to optimize ondansetron dosing to enhance 
its treatment effect on NOWS, which could be determined 
using a pharmacometric approach. Ondansetron pharmaco-
kinetics (PK) were previously characterized in healthy volun-
teers, but not in pregnant women with opioid use disorders, 
nor in neonates that were experiencing NOWS. The goal of 
this substudy was to characterize ondansetron disposition in 
newborns using a population PK approach. The primary intent 

was to predict ondansetron exposures based on neonate dosing 
while accounting for maternal transfer. Then, an exploratory 
exposure-response analysis was performed to evaluate the re-
lationship between plasma exposures and NOWS severity (as 
assessed using mean total Finnegan scores). The overarching 
goal is to define ondansetron exposure-response relationships 
of the current dosing regimen which could ultimately support 
dose optimization for NOWS in future investigations and clin-
ical use.

2   |   Methods

2.1   |   Study Protocol

This was a substudy of a double-blind, placebo-controlled, mul-
ticenter clinical trial (NCT01965704) of 98 healthy pregnant 
women who had at least 3 weeks of daily opioid exposure prior 
to delivery and their newborns. Study details are documented 
in a previous publication [13]. This study was approved by the 
Institutional Review Board at each participating site and an 
informed consent was obtained for each mother and neonate 
enrolled in the study. Study procedures were performed in ac-
cordance with the Declaration of Helsinki.

Pregnant women and their newborns were randomized 1:1 to 
receive either ondansetron or placebo (normal saline for intra-
venous (IV) dosing or simple syrup for oral). Pregnant women 
assigned to the ondansetron group received a single dose of on-
dansetron 8 mg IV. An additional dose was allowed one time if 
delivery did not occur within 4 h of the first study dose. Neonates 
born to mothers in the ondansetron group received ondansetron 
0.07 mg/kg by mouth once every 24 h starting the day of birth 
and up to five doses maximum. Regardless of the group assign-
ment, the first neonatal study dose was administered within 
4–8 h of delivery. All neonates received non-pharmacologic 
therapy according to institutional policies. If neonates met the 
threshold for NOWS treatment as per the local institutional pro-
tocol, they were administered pharmacologic therapy (i.e., mor-
phine sulfate). Maternal blood samples for ondansetron PK were 
collected within 30 min of delivery by needle stick. Between one 
and five 0.1 mL blood samples were collected via heel stick from 
each neonate after birth. These were obtained during clinically 
indicated blood sampling to minimize trauma to neonates. The 
first sample was generally collected during the first 12 h of life 
and prior to the first study dose of ondansetron. If there was no 
clinically indicated blood sampling within this period, a heel 
stick for research PK was obtained. One blood sample was then 
collected approximately every 24 h.

2.2   |   PK Model Development

Plasma ondansetron quantification was adapted from a similar 
study [10] and described in the methods of the primary study re-
port [13]. Plasma ondansetron concentration data from neonates 
randomized to ondansetron were analyzed using nonlinear 
mixed-effects modeling with NONMEM version 7.5.1 (ICON, 
Ellicott City, MD). Any observed plasma concentration below 
the limit of quantification (BLQ) of 1.0 ng/mL was excluded 
from the analysis. The Metropolis-Hastings Markov-chain 

Summary

•	 What is the current knowledge in the topic?
○	 Ondansetron pharmacokinetics in healthy volun-

teers including pregnant women, infants at least 
1 month of age, and elderly patients have been re-
ported. However, there is potential for optimization 
of ondansetron dose for the treatment of NOWS.

•	 What question did this study address?
○	 This substudy characterized ondansetron disposi-

tion in neonates with NOWS as well as investigated 
characteristics of exposure-response relationships 
with mean Finnegan scores that could aid in dose 
optimization.

•	 What does this study add to our knowledge?
○	 The updated Bayesian model derived from the lit-

erature revealed a slower rate of absorption in ne-
onates. Exposure-response analyses suggest dose 
to be a significant driver of ondansetron efficacy in 
reducing mean Finnegan scores from baseline. At 
least three doses of ondansetron 0.07 mg/kg once 
daily are needed to decrease symptom severity in 
neonates with NOWS.

•	 How might this change clinical pharmacology or 
translational science?
○	 The description of ondansetron disposition and 

exposure-response characteristics will allow the 
generation of an optimized dosing regimen. The 
analysis suggests that increased ondansetron sys-
temic exposure may reduce NOWS symptom sever-
ity, which could impact clinical outcomes of length 
of stay and reduce the number of infants requir-
ing treatment with an opioid such as morphine or 
buprenorphine.

https://www.clinicaltrials.gov/search?term=NCT01965704
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Monte Carlo estimation algorithm (METHOD = BAYES) was 
utilized for all model runs. Log-transformed parameter es-
timates were supplied as priors with the bbr.bayes (Metrum 
Research Group, Boston, MA) package in R version 4.2.1 or 
higher (R Foundation, Vienna, Austria) [15, 16]. Ondansetron 
was assumed to follow a two-compartmental model as docu-
mented in the literature [17]. Informative neonate priors for 
clearance (CL), central volume (V), peripheral volume (V2), 
and intercompartmental clearance (Q) were calculated while 
accounting for allometric scaling and maturation effects since 
these were previously estimated in a model with infants, which 
served as the a priori model. Ondansetron absorption rate con-
stant (KA) in neonates had not been previously characterized, 
so a weakly informative prior was used for KA. Theta priors 
for CL, V, V2, Q, and KA were assumed to be normally dis-
tributed with a mean and variance defined by $THETAP and 
$THETAPV, respectively. Bioavailability (F) was fixed to 0.62 
for all model runs [10, 18].

Given the available data, only the interindividual variability 
(IIV) on CL was estimated. The IIV on CL from the infant ref-
erence model was retained as an informative prior using the fol-
lowing structure:

where CLi is the estimated CL for a given individual i, θCL is the 
typical population CL value, and ηCli is the IIV estimate in CL 
for individual i. An inverse Wishart distribution was assumed 
for CL prior with the mode and degrees of freedom defined by 
$OMEGAP and $OMEGAPD, respectively. The degrees of free-
dom for CL omega prior were set using the following relation-
ship [15, 16, 19]:

where df is the degrees of freedom, ω is the omega estimate from 
the infant reference model, and SEω is the standard error of the 
omega estimate.

Similarly, an additive residual error model structure was re-
tained as an informative prior:

where Yij is the observed ondansetron concentration j for a given 
individual i, Ŷij is the individual predicted concentration, and �ij 
is the residual random error for measurement j for individual i. 
An inverse Wishart distribution for sigma prior was assumed 
with the mode and degrees of freedom defined by $SIGMAP 
and $SIGMAPD, respectively. The degrees of freedom for sigma 
prior were calculated similar to omega prior using the same re-
lationship defined above.

The posterior R package was used to obtain effective sample 
size (ESS) and R̂ as well as all posterior medians with 95% cred-
ible intervals. Additionally, model convergence was assessed 
using trace and density plots with ggplot2. Model selection and 

sensitivity analyses were aided by Pareto smoothed importance 
sampling leave-one-out (PSIS-LOO) cross-validation via the loo 
R package. General model diagnostics (i.e., observed vs. pop-
ulation and individual predicted concentrations, normalized 
prediction distribution errors vs. population predicted concen-
trations and time, individual concentration vs. time, and indi-
vidual posterior predictive check plots) were generated using 
NONMEM, bbr.bayes, mrgsolve (Metrum Research Group, 
Boston, MA), and ggplot2 in R.

2.2.1   |   Infant Reference Model

The reference model was a two-compartment model describing 
intravenous ondansetron PK in 124 infants aged 1–48 months 
with allometric scaling on CL, V, V2, and Q [17]. There were 745 
plasma samples. All parameters were normalized to 10.4 kg and 
a maturation effect was incorporated to account for decreased 
clearance observed in infants:

where WTi is the individual infant's body weight, AGE is the in-
fant's age in months, βCL is the fractional change in CL, and TCL 
is the half-life for CL maturation. V, V2, and Q were described 
using a standard allometric model:

where P is the typical parameter value, θP is the parameter esti-
mate for a typical infant weighing 10.4 kg, and θallo is the fixed al-
lometric exponent of 0.75 for clearance and 1 for volumes.

2.3   |   Exploratory Exposure-Response Analyses

Following the final model selection and sensitivity analyses, 
mrgsolve was used to simulate AUC0–tl and Cmax for each ne-
onate. Due to a maturation effect being considered on neonate 
CL, ondansetron concentrations in the central compartment 
were integrated:

where AUC0−tl is the cumulative area under the curve from 
time of birth to time tl (up to 75 h following receipt of last 
study dose) for individual i, Acentral,t is the amount of ondan-
setron present in the central compartment at time t, and Vi 
is the estimated central volume of distribution for individ-
ual i. Given the prolonged elimination half-life observed in 
neonates, tl was extended up to 75 h following the last dose 
(five half-lives) [10]. Steady-state was not assumed as not all 
neonates had received the maximum number of study doses 
of ondansetron. Simulated Cmax for each neonate was simply 
determined as the maximum concentration until time tl calcu-
lated with mrgsolve. All non-BLQ plasma observations as well 
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(
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as response data (i.e., Finnegan scores) up until time tl were 
included in the analyses.

Finnegan score is a sum of all individual scores assessing symp-
tom severity of opioid withdrawal (e.g., central nervous system 
(CNS), vasomotor, metabolic, respiratory, and gastrointestinal 

disturbances) on an ordinal scale. Standardized scoring was 
done as per standard of care at each institution, which was ap-
proximately every 3–4 h. As the parent efficacy trial had found 
a statistically significant difference in mean Finnegan scores 
compared to placebo [13], average scores for each neonate 
were calculated between time of birth to time of first study 
dose of ondansetron, each dosing interval thereafter, and the 
dosing interval from time of last dose to time tl. Following, 
the average change in mean Finnegan scores from baseline 
(defined as the interval between birth and time of first study 
dose) to timepoint tl was calculated for each neonate. Lastly, 
the average change in mean Finnegan scores from baseline 
to timepoint tl was plotted against quartiles of summary on-
dansetron exposures using ggplot2 in R. The relationships be-
tween Finnegan scores and ondansetron exposures stratified 
by select covariates of interest (i.e., receipt of morphine sul-
fate, gestational age, neonate sex, and total number of study 
doses administered) were graphically evaluated. Gestational 
age was categorized into designations (early term, 37 0/7–38 
6/7 weeks; term, 39 0/7–40 6/7 weeks; late-term, 41 0/7–41 
6/7 weeks; post-term, 42 0/7 weeks and beyond) as recom-
mended by a joint working group [20].

3   |   Results

Thirty-six neonates with in utero opioid exposure who re-
ceived at least one dose of ondansetron were included in this 
analysis. The following exclusions were made in the dataset 
due to: one mother-neonate pair being assigned placebo, but 
the mother received IV ondansetron; one mother delivered 
at home and no study drug was administered to mother or 
neonate; one neonate had only BLQ measurements; two ne-
onates never received ondansetron due to QTc prolongation, 
four neonates received at least one IV dose of ondansetron, 

TABLE 1    |    Patient demographics and summary statistics of included 
data.

Neonates (n = 36)

Gestational age (weeks) 38.6 (1.1)

Birth weight (kg) 3.1 (0.4)

Height or length at birth (cm) 49.7 (2.7)

Sex, n (%):

Male 18 (50)

Female 18 (50)

Summary statistics

Number of ondansetron doses 
received, median (min, max)

2 (1, 5)

Number of neonate plasma 
observations, median (min, max)

3 (1, 5)

Neonate ondansetron dose (mg) 0.21 (0.03)

Number of maternal doses 
received, median (min, max)

1 (1, 2)

Maternal plasma ondansetron 
concentration (ng/mL)

28.2 (23.5)

Note: Data are expressed as mean (SD) unless otherwise specified.

TABLE 2    |    PSIS-LOO cross-validation for model selection and sensitivity analyses on CL prior.

Model ELPD Standard error Difference Standard error of difference

Final model 591.5 38.94 0 0

CL model selection

No covariate structures with PNA on CL 
prior

676.9 39.84 85.37 8.50

Full covariate structures with PMA on 
CL prior

594.3 38.61 2.85 3.64

Full covariate structures with PNA on CL 
prior

723.4 39.42 131.95 8.06

CL prior adjustments

Decreased PMA (37 0/7 weeks) 605.2 38.79 13.71 5.31

Increased PMA (42 4/7 weeks) 591.9 38.93 0.40 0.26

Extremely low birth weight (0.5 kg) 591.5 39.00 0.03 0.35

Extremely high birth weight (5 kg) 648.7 39.53 57.20 8.23

50% decreased birth weight (1.595 kg) 596.1 39.65 4.60 4.28

Note: CL prior adjustments were calculated based on a median PMA and birth weight of 39 1/7 weeks and 3.19 kg, respectively. Models with full covariate structures 
were based on the infant reference model where allometric scaling with or without maturation was used for CL, V, V2, and Q.
Abbreviations: ELPD, expected log predictive density; PMA, postmenstrual age; PNA, postnatal age.
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TABLE 3    |    Parameter estimates from the final neonate PK model.

Parameter Posterior median 95% CDI R̂ Bulk ESS Tail ESS

CL (L/h) 0.58 (0.51, 0.67) 1.00 21,908 33,743

V (L) 0.29 (0.26, 0.32) 1.00 4444 6080

V2 (L) 0.91 (0.75, 1.11) 1.00 2246 3864

Q (L/h) 6.15 (5.63, 6.74) 1.00 4903 6105

KA (h−1) 0.19 (0.15, 0.23) 1.00 1565 3101

F 0.62 (FIXED) — — — —

BCL 0.76 (FIXED) — — — —

TCL (months) 3.82 (FIXED) — — — —

Interindividual

Variability (% CV): CL 0.54 (84.2) (0.32, 0.92) 1.00 11,340 21,055

Residual error: Additive error (SD) 80.9 (9.2) (59.3, 114.6) 1.00 9431 16,373

Note: All parameters that were estimated in the log domain were back transformed for clarity. 95% CDI was calculated from Bayesian posteriors. CL, V, V2, and Q 
were previously estimated on a per-kilogram basis based on a reference weight of 10.4 kg. The median postmenstrual age and median birth weight of the current 
cohort were 39 1/7 weeks and 3.19 kg, respectively, which were used to calculate informative theta priors. %CV of omega =

√

exp(posterior median) − 1∗100. 
SD of sigma =

√

posterior median.
Abbreviations: CDI, credible interval; CV, coefficient of variation; ESS, effective sample size, R̂, Gelman-Rubin diagnostic, SD, standard deviation.

FIGURE 1    |    Exploratory exposure-response analyses in neonates with NOWS with cumulative AUC stratified by receipt of morphine sulfate. 
Diamonds with error bars represent average difference in mean Finnegan scores with 90% confidence intervals. The red and teal boxplots represent 
the distribution of cumulative AUC values in neonates. AUC, cumulative area under the curve from time of birth up to 75 h after the receipt of the 
last ondansetron study dose; NOWS, neonatal opioid withdrawal syndrome; OND, ondansetron; OND + MS, ondansetron with morphine sulfate.
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which was not enough for robust analysis; and one neonate 
was born prematurely. There were 109 plasma samples from 
neonates that were included in the current analysis. An addi-
tional 29 plasma samples were included from pregnant moth-
ers. Demographics of subjects as well as summary statistics of 
the data included are shown in Table 1.

3.1   |   Updated Bayesian PK Model

More than half of the neonates had pre-dose concentrations 
due to maternal transfer, which were captured by initializing 
the neonatal central compartment to the observed maternal 
concentrations. The degrees of freedom for the prior omega 
estimate on CL and additive residual error were set to 14 and 
5, respectively. Since infant CL was estimated using allome-
tric scaling with a maturation component, the use of postmen-
strual age (PMA) or postnatal age (PNA) (median of 2 days) as 
a time-varying covariate for the calculation of CL prior was 
informed using PSIS-LOO cross-validation. Given the simi-
larity in covariates such as birth weight, PMA, and PNA, it 
was not expected that these would impact clearance processes 
and overall organ ontogeny between days. Thus, a similar 
model without any covariate effects applied at the individual 
level was examined. As shown in Table 2, models that had CL 
prior calculated with PNA had higher expected log predictive 

density (ELPD) values than their PMA counterparts, indicat-
ing better statistical performance. However, diagnostic plots 
depicted misspecification with the PNA-based models, thus 
PMA was utilized for the calculation of CL prior. The covari-
ate model based on PMA had a marginally higher ELPD value 
than the model without any covariate effects. Despite having 
the lowest ELPD value, the model without covariate effects 
was selected as the covariate model had underpredicted in-
dividual concentrations and showed similar performance in 
individual fits and individual posterior predictive checks. Low 
Pareto k̂ values were obtained for all model runs, indicating 
ELPD estimates are reliable (k̂ < 0.7). Additionally, all model 
runs demonstrated convergence as all R̂ and ESS values were 
approximately 1.00 and above 1000, respectively. Figures S1–
S3 also confirms adequate convergence.

Sensitivity analyses on the distribution of CL prior revealed 
that the final model was insensitive to changes in PMA but 
not changes in weight. More specifically, the model indicated 
statistical improvement in ELPD favoring larger birth weights 
(Table  2). However, the diagnostic plots (observed vs. popula-
tion predicted concentrations, individual fits, and individual 
posterior predictive checks) did not indicate superior model per-
formance. Thus, there was no compelling reason to utilize an 
alternative CL prior distribution. The NONMEM control file for 
the final PK model is provided at the end of the Appendix S1. 

FIGURE 2    |    Exploratory exposure-response analyses in neonates with NOWS with Cmax stratified by receipt of morphine sulfate. Diamonds with 
error bars represent average difference in mean Finnegan scores with 90% confidence intervals. The red and teal boxplots represent the distribution 
of Cmax values in neonates. Cmax, maximum plasma concentration; NOWS, neonatal opioid withdrawal syndrome; OND, ondansetron; OND + MS, 
ondansetron with morphine sulfate.
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The diagnostic plots for the final model are also shown in 
Figures  S1–S15. The final parameter estimates of the updated 
Bayesian model are summarized in Table 3.

3.2   |   Exploratory Exposure-Response Analyses

Thirty-five neonates randomized to ondansetron were included 
in the exploratory exposure-response analyses, examining the 
average change in mean Finnegan scores and simulated AUC0–tl 
and Cmax values. One neonate was excluded for not having any 
Finnegan scores. The final Bayesian model was used to plot 
the average change in mean Finnegan scores against exposure 
quantiles stratified by select covariates as seen in Figures 1–4 
and S16–S19. Overall, an AUC0–tl of at least 1000 ng*h/mL ap-
pears to be the threshold for reducing mean Finnegan scores. 
Neonates who had received both ondansetron and morphine had 
a sharper decrease (−1.25 units) in mean Finnegan scores when 
the median cumulative AUC0–tl was approximately 645 ng*h/mL 
(Figure 1). These neonates continued to observe a reduction in 
symptom severity with increasing exposures. The ondansetron-
only group did not see a reduction in mean Finnegan scores until 
the AUC0–tl was approximately 1420 ng*h/mL, where the mean 
difference was −1.15 units through the last quantile. Regarding 
Cmax, mean Finnegan scores were relatively stable even at higher 
exposures for neonates with ondansetron only (Figure 2). The 

addition of morphine saw a decrease in mean Finnegan scores 
by 1.72 units when the median ondansetron Cmax was between 
19.6 and 37 ng/mL.

When stratifying the exposure-response profiles by the total 
number of ondansetron doses received (Figure  3), neonates 
who had received at least three doses saw a decrease in mean 
Finnegan scores with the greatest effect seen with five doses 
(−3.59 unit change between a median of 700 and 1650 ng*h/mL). 
Receiving one or two doses of ondansetron did not improve mean 
Finnegan scores. As the number of doses increased, the median 
AUC0–tl generally appeared to increase. Similar trends could 
be seen in Figure 4 with Cmax. While the number of doses did 
not generally appear to change the median Cmax, neonates who 
had received five doses saw the largest drop in mean Finnegan 
scores by 3.59 units between a median of 19.6 and 37.5 ng/mL.

Term neonates experienced a drop in mean Finnegan scores 
by 2.44 units when the median AUC0–tl was approximately 
between 1250 and 3579 ng*h/mL (Figure  S16). Early-term ne-
onates saw a change in mean Finnegan scores by 1.09 units be-
tween the second and third quantiles. Gestational age did not 
appear to affect AUC0–tl. Similarly, term neonates had a −1.33 
unit change in mean Finnegan scores with a median Cmax be-
tween 53.2 and 73.1 ng/mL (Figure  S17). Early term neonates 
saw a sharper decrease at lower exposures (2.38-unit change), 

FIGURE 3    |    Exploratory exposure-response analyses in neonates with NOWS with cumulative AUC stratified by the total number of doses re-
ceived. Diamonds with error bars represent average difference in mean Finnegan scores with 90% confidence intervals. The red and teal boxplots 
represent the distribution of cumulative AUC values in neonates. Only one neonate received a total of four doses of ondansetron. AUC, cumulative 
area under the curve from time of birth up to 75 h after the receipt of the last ondansetron study dose; NOWS, neonatal opioid withdrawal syndrome.
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but did not maintain this trajectory at higher exposures. Lastly, 
male neonates had higher mean Finnegan scores and did not 
have a similar change in mean Finnegan scores compared to fe-
males (Figure S18). As seen in Figure S19, the mean Finnegan 
scores between males and females were relatively stable despite 
increasing exposures.

4   |   Discussion

An infant reference model was used to enable PK parameter 
estimation aside from KA and F. For all model runs, KA was 
approximately 0.2. Ondansetron has an approximate Tmax of 3 h 
and bioavailability of 60% in healthy volunteers [18], but several 
factors may limit its absorption in neonates as indicated in the 
current analysis. Gastric pH varies from a neutral pH at birth 
due to in utero ingestion of amniotic fluid, smaller stomach vol-
umes, and the composition and timing of feeds, but gradually 
declines to an acidic pH over weeks or years [21–24]. While the 
consensus is unclear regarding the effects of ontogeny, elevated 
gastric pH may support the use of a smaller absorption rate con-
stant for ondansetron considering the treatment duration and 
impaired dissolution as a weak base. Additionally, prior simu-
lations had assumed that the rate of absorption was similar to 
adults which is not supported in the current analysis [10].

Ondansetron is metabolized by multiple isoforms of cytochrome 
P450 including CYP1A1/2, CYP3A, and CYP2D6 [18]. These 
isoforms are poorly expressed at birth but gradually increase 
during development, which can be explained using allometric 
scaling and maturation processes on CL [25–27]. PNA and PMA 
were explored as a time-varying age covariate for CL maturation 
as both consider the amount of time passed since birth. PMA is 
superior to PNA since maturation processes start in utero, which 
may explain earlier misspecification among PNA-based models. 
The updated Bayesian model showed marginal improvement 
when considering a full covariate model structure, which aligns 
with the consensus that significant changes in organ develop-
ment are not expected within days but rather weeks or months 
[21, 22, 28].

The parent trial demonstrated that ondansetron treatment could 
reduce NOWS symptoms, but its efficacy was viewed as subopti-
mal since it did not reduce the incidence of NOWS [10]. This may 
be due to inadequate exposure in the brain with the doses used 
[14]. Due to the presence of p-glycoprotein (p-gp) on the surface 
of the blood–brain barrier (BBB), most drugs slowly accumulate 
in the brain even with sufficiently small size and lipophilic-
ity. Ondansetron is no exception as a lipophilic p-gp substrate, 
which may explain the low concentrations observed in the brain 
[14]. Other 5-HT3 receptor antagonists such as granisetron and 

FIGURE 4    |    Exploratory exposure-response analyses in neonates with NOWS with Cmax stratified by the total number of doses received. Diamonds 
with error bars represent average difference in mean Finnegan scores with 90% confidence intervals. The red and teal boxplots represent the distri-
bution of Cmax values in neonates. Only one neonate received a total of four doses of ondansetron. Cmax, maximum plasma concentration; NOWS, 
neonatal opioid withdrawal syndrome.
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palonosetron are similar in lipophilicity [29, 30] and can be ex-
pected to follow the same fate. In contrast, neonates may have 
higher concentrations as the BBB is immature and more perme-
able prior to maturational changes [22, 28, 31, 32]. Cerebrospinal 
fluid (CSF) is typically used as a surrogate for CNS drug disposi-
tion to avoid invasive sampling, especially in neonates. However, 
CSF levels may be misleading since they can underestimate the 
impact of p-gp and do not reflect the drug concentration in brain 
parenchyma [33–35]. Indeed, subsequent analysis of a mouse 
model showed that ondansetron concentration in the brain was 
1000-fold lower than in blood and rapidly declined after ondan-
setron administration, and that CNS ondansetron was located 
largely in the ventricular fluid [14]. Since CNS samples were not 
collected nor analyzed in this study, optimal CNS concentra-
tions in neonates for the prevention of NOWS could not be as-
certained. The observed plasma concentrations were generally 
associated with anti-emetic efficacy (10–200 ng/mL) [14].

Mean Finnegan scores were used as a proxy for drug action in 
the CNS as they reflect symptom severity and have been suc-
cessfully used in buprenorphine PKPD models [36, 37]. Given 
the results of the parent trial, there is interest in understand-
ing the relationship between exposures and symptom severity 
in order to optimize ondansetron dosing for NOWS. AUC0–tl 
and Cmax were chosen as summary exposure metrics given that 
ondansetron dose was found to be a significant covariate in its 
disposition, quick absorption time, and no safety issues were 
identified in the parent trial even at higher exposures [10, 13, 18]. 
An optimized regimen would provide infants quick relief from 
opioid withdrawal symptoms, as this will ultimately reduce the 
duration of hospitalization and minimize disruptions in bond-
ing time with their mothers. In the current analysis, the number 
of doses was identified as a relevant covariate in driving efficacy 
relative to AUC0–tl. This aligns with an earlier report stating dou-
bling the dose from 4 to 8 mg decreased clearance and steady-
state volume by approximately 30% each [10]. Furthermore, a 
3.59 unit decrease in mean Finnegan scores regardless of the 
receipt of morphine is deemed clinically significant. It should 
be noted that while weight-based dosing was utilized, multi-
ple dose levels beyond 0.07 mg/kg once daily were not studied. 
Instead, the total number of doses received was used as a proxy 
for the total amount of ondansetron administered. While in-
creased plasma AUC0–tl through higher dosages may yield better 
outcomes, this could not be ascertained in the current analysis. 
The observed trends in AUC0–tl may be due to ondansetron only 
addressing gastrointestinal and locomotor disturbances [38]. 
While 5-HT3 receptor antagonism was found to decrease opi-
oid severity, it may not be addressing the hyperadrenergic state 
which is thought to be the primary mechanism of NOWS. Given 
the relative lack of any consistent exposure-response trends and 
sparse sampling, Cmax may not be a reliable exposure surrogate 
for efficacy.

Several study limitations include a small sample size and sparse 
PK data which may limit the model's robustness. The current 
model was a Bayesian model updated from the literature to cir-
cumvent this issue. The impact of feeds such as breast or formula 
milk and plasma protein binding was not studied. Forty percent 
of neonates received at least a single feeding of breast milk during 
their hospitalization in the parent study. Despite encouragement 
to mothers, continued and dense breastfeeding for newborns 

was low. Neonates fed with formula as opposed to breast milk 
were reported to have quicker maturation and higher expres-
sion of CYP1A2 in addition to their effects on drug absorption 
[21, 31, 39], which may contribute to the large IIV as seen here. 
Additionally, breastfeeding is recommended as part of the ini-
tial strategy to mitigate symptoms of NOWS. Due to even fewer, 
sparse data and quality control issues, the study did not incorpo-
rate the umbilical cord as an intermediate compartment between 
the maternal and neonatal central compartments. Maternal con-
centrations were instead used to initialize the neonatal central 
compartment although this may oversimplify drug transfer due 
to placental transporters. Lastly, as gastrointestinal symptoms are 
a cardinal manifestation of NOWS, the variability in Finnegan 
scores may not have been adequately accounted for due to poten-
tial local effects mediated by peripheral 5-HT3 receptors and/or 
other pharmacologic therapies as per standard of care.

In conclusion, the rate of ondansetron absorption in neonates is 
decreased relative to adults. With the current dosing regimen, 
at least three doses are needed to reduce mean Finnegan scores. 
Additionally, a cumulative AUC from the time of birth to up to 
75 h from receipt of the last dose may be a relevant surrogate 
marker for efficacy. While not approved for this indication, there 
is an interest in ondansetron as an additional therapeutic for 
NOWS to attenuate symptom severity and the need for opioid 
replacement therapy.
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