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Abstract
This study aimed to determine the effects of pregnancy and ontogeny on risperi-
done and paliperidone pharmacokinetics by assessing their serum concentrations 
in two subjects and constructing a customized physiologically-based pharmacoki-
netic (PBPK) model. Risperidone and paliperidone serum concentrations were 
determined in a pregnant woman and her newborn. PBPK models for risperidone 
and paliperidone in adults, pediatric, and pregnant populations were developed 
and verified using the Simcyp simulator. These models were then applied to our 
two subjects, generating their “virtual twins.” Effects of pregnancy on both drugs 
were examined using models with fixed pharmacokinetic parameters. In the neo-
natal PBPK simulation, 10 different models for estimating the renal function of 
neonates were evaluated. Risperidone was not detected in the serum of both preg-
nant woman and her newborn. Maternal and neonatal serum paliperidone con-
centrations were between 2.05–3.80 and 0.82–1.03 ng/ml, respectively. Developed 
PBPK models accurately predicted paliperidone's pharmacokinetics, as shown 
by minimal bias and acceptable precision across populations. The individualized 
maternal model predicted all observed paliperidone concentrations within the 
90% prediction interval. Fixed-parameter simulations showed that CYP2D6 ac-
tivity largely affects risperidone and paliperidone pharmacokinetics during preg-
nancy. The Flanders metadata equation showed the lowest absolute bias (mean 
error: 22.3% ± 6.0%) and the greatest precision (root mean square error: 23.8%) in 
predicting paliperidone plasma concentration in the neonatal population. Our 
constructed PBPK model can predict risperidone and paliperidone pharmacoki-
netics in pregnant and neonatal populations, which could help with precision 
dosing using the PBPK model-informed approach in special populations.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Risperidone and paliperidone are second-generation antipsychotics commonly 
used to treat psychosis. Due to ethical and legal concerns, pregnant women and 
children are typically excluded from clinical research. Consequently, there is a 
dearth of data on the doses, pharmacokinetics, and safety of risperidone and pali-
peridone during pregnancy, and neonatal periods. Thus, mechanistic pharma-
cokinetic modeling that can predict drug pharmacokinetics and optimize dosing 
regimens is essential for these vulnerable populations.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study aimed to provide viable insights into risperidone and paliperidone 
serum concentrations in a Japanese pregnant woman and her neonate, demon-
strating the feasibility of a physiologically-based pharmacokinetic (PBPK) model 
in predicting various pharmacokinetic parameters in individual patients along 
with evaluating several pharmacokinetic changes associated with pregnancy and 
their effects on drug disposition. Finally, determination of the most accurate es-
timated glomerular filtration rate (eGFR) model for predicting neonatal paliperi-
done clearance.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Our study has three main implications: (1) laying out a strategy for using PBPK 
to predict drug disposition in an individual patient with limited plasma samples; 
(2) identifying key parameters that influence drug pharmacokinetic parameters 
in pregnant women; and (3) comparing various maturation models and formulas 
for calculating eGFR in our newborn.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
As part of model-informed precision dosing, this validated PBPK model can be 
utilized to optimize risperidone and paliperidone dose regimens for individual 
pregnant and pediatric patients.

INTRODUCTION

Most mental illnesses in women arise throughout their re-
productive years, especially during the perinatal period, and 
the rate of antipsychotic use during pregnancy has nearly 
doubled in the last decade.1 Prior to the coronavirus disease 
2019 (COVID-19) pandemic, researchers had estimated 
that roughly 20% of pregnant women might acquire a men-
tal illness.2 Considering its detrimental toll, recent studies 
show that the COVID-19 pandemic has further inflamed 
perinatal mental health problems.3 Risperidone (RIS) is 
one of the most commonly prescribed second-generation 
antipsychotic drugs4 for managing schizophrenia and bipo-
lar disorder. Although the actual number of women who 
have been exposed to RIS during pregnancy is unknown, 
roughly 23% of all antipsychotic prescriptions for pregnant 
women between 2001 and 2007 contained RIS.5 Although 
animal studies have demonstrated that RIS does not cause 
direct reproductive toxicity or teratogenic effects,6 human 
case studies have shown that RIS may cause significant 
unwanted effects, ranging from self-limiting side effects to 

newborns requiring intensive care and prolonged hospitali-
zation.7,8 Therefore, RIS prescriptions for pregnant women 
are restricted to circumstances in which the benefits out-
weigh the risks to the fetus.7

After oral administration, RIS is nearly completely ab-
sorbed from the gastrointestinal tract, with peak plasma 
concentrations at 1–2 h.9 Many medications, including RIS, 
are metabolized by cytochrome P450 2D6 (CYP2D6).4 In 
humans, the main metabolic pathway for RIS is the synthe-
sis of its active metabolite, 9-hydroxyrisperidone (9-OH-RIS 
[paliperidone]), through CYP2D6 and, to a lesser extent, 
cytochrome P450 3A4 (CYP3A4).4 In contrast, paliperidone 
(PAL), a medication used to treat certain mental and mood 
disorders, undergoes negligible hepatic biotransformation 
by CYP2D6 and is primarily eliminated via the kidneys.10 
In therapeutic plasma concentrations, 89% of RIS and 79% 
of PAL are mostly bound to serum albumin.11,12 Anatomic, 
physiologic, and metabolic changes during pregnancy 
can impact the absorption, distribution, metabolism, and 
excretion (ADME) of these medications. According to a 
previous clinical study,13 pregnant women have lower RIS 
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active moiety (AM; RIS + PAL) levels compared with non-
pregnant women. However, the specific process by which 
pregnant women's serum levels of RIS differ from those of 
non-pregnant women remains unclear.

Pregnant women and newborns are often excluded 
from scientific studies due to ethical and legal concerns.14 
Consequently, current knowledge on optimal dosing reg-
imens, pharmacokinetics, and safety characteristics of 
various drugs during pregnancy, fetal, and neonatal pe-
riods is inadequate.14 Physiologically-based pharmacoki-
netic (PBPK) modeling, which incorporates drug-specific 
parameters (e.g., physicochemical and disposition char-
acteristics), physiological parameters relevant to ADME 
processes, and clinical trial designs to generate a quan-
titative predictive model,15 might be a feasible approach 
for optimizing dosing regimens in pregnant and pediatric 
populations. A promising novel method for precise drug 
dosing has evolved by matching the unique characteris-
tics of real-life patients to those of their “virtual twins.”15 
These attributes include intrinsic (age, sex, physical traits, 
kidney and liver function, race, and genetic background) 
and extrinsic variables (comedication, smoking, and fast-
ing).15 The “virtual twins” approach allows researchers 
to shift PBPK implementations from population-based to 
precision dosing for individual patients.

Glomerular filtration rate (GFR) is an index that re-
flects renal function, which changes rapidly with age and 
growth in children, especially neonates.16 The character-
ization of neonatal renal maturation allows for a more 
precise initial dosage regimen in pediatric clinical trials 
that contain medications cleared by the kidneys, such as 
vancomycin and amikacin.17 Numerous models have been 
constructed to characterize the developmental changes in 
GFR,17–26 however, much uncertainty still exists over the 
optimal approach for estimating renal function and deter-
mining GFR in newborns.

Thus, the objectives of this study were to develop, verify, 
and personalize pediatric and pregnant PBPK models for RIS 
and PAL. Consequently, this personalized version was used 
for the assessment of RIS and PAL pharmacokinetics in a 
Japanese pregnant woman and her newborn by utilizing the 
“virtual twin” approach. Moreover, we assessed the effects 
of neonatal renal function estimation methods on newborn 
pharmacokinetics using the PBPK model approach.

MATERIALS AND METHODS

Blood sampling and measurement of RIS 
and PAL concentrations

Routine time-series serum samples were collected from a 
Japanese pregnant woman and her newborn baby. Serum 

RIS and PAL concentrations were measured by liquid 
chromatography–tandem mass spectrometry (LC–MS/
MS; LC–MS-8030; Shimadzu, Kyoto, Japan). Detailed in-
formation is shown in the Supplementary Materials.

Development of RIS and PAL PBPK models

The PBPK models were built using the Simcyp ADME sim-
ulator, version 21 (Certara UK Limited, Simcyp Division, 
Sheffield, UK). WebPlotDigitizer version 4.2127 was used 
to digitize clinical plasma data from figures published in 
scientific papers and Rstudio version 1.4.1106 to construct 
the goodness-of-fit (GOF) plots.

The following stages summarize the basic approach 
used to construct and verify the RIS and PAL PBPK models. 
Figure S1 demonstrates the workflow of the PBPK model 
development for RIS and PAL. In step 1, preliminary data 
from literature was used to build the PBPK models. These 
data were gathered from both in vitro28,29 and in vivo clin-
ical pharmacokinetic10,30–32 studies following intravenous 
(i.v.) and oral doses (Tables S1 and S2). In step 2, the model 
was verified by comparing the simulated pharmacokinetic 
data with data obtained from published clinical trials in 
White and Japanese patients.13,31–36 Table S3 summarizes 
these clinical trials, which were divided into two data-
sets, one for model development and one for model ver-
ification, including their study characteristics and dosage 
regimens. In step 3, the verified adult PBPK model was ex-
trapolated to the pediatric population, and it was then ver-
ified by comparing the simulated pharmacokinetic data 
to the observed clinical data from White pediatric clini-
cal trials involving multiple oral dosages.35 Additionally, 
by parameterizing and expanding the model structure to 
pregnancy-induced physiological changes, the adult (non-
pregnant) PBPK model for RIS and PAL was extrapolated 
to the pregnancy population. Then, it was utilized to esti-
mate AM plasma concentrations at baseline (pregnancy 
week 0) and by trimester during pregnancy in four preg-
nant patients with nine sampling points at baseline, and 
five sampling points in each pregnancy trimester.13 These 
virtual populations were based on patient characteristics 
of the included clinical trials. All drug-dependent param-
eters were held constant at the adult PBPK model values. 
Finally, in step 4, the final pediatric and pregnant PBPK 
models were individualized and used to predict the serum 
disposition of RIS and PAL in two subjects, a Japanese 
woman and her newborn. Simcyp libraries, including 
“sim-healthy volunteers,” “sim-pediatrics,” and “sim-
pregnant,” were used to derive population-dependent 
physiological parameters in human PBPK models. The 
development of the RIS and PAL PBPK models is shown 
in detail in the Supplementary Materials.
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Description of the two subjects

A 38-year-old pregnant Japanese woman had mental 
health issues and had been receiving psychotherapy for a 
long duration. The antipsychotic therapy was discontinued 
when the subject began taking medications to conceive. 
During the third trimester, she had a panic episode that 
necessitated hospitalization with RIS 0.5  mg twice daily 
until the day of birth (12 days in total). After 40 weeks and 
5 days of gestation, a male baby was born vaginally. No 
evidence of congenital malformations or neonatal absti-
nence syndrome was observed at birth. After delivery, the 
patient continued to take RIS, but the dosage was changed 
to 1  mg once daily from day 1 postpartum. The mother 
was discharged from the hospital and continued to take 
the medication at home for 2 additional days. The moth-
er's weight was 55.1 kg before childbirth, and her height 
was 152 cm. The baby's height, weight, and serum cre-
atinine value (Scr) were 50.2 cm, 2852 g, and 0.88 mg/dl,  
respectively. After 6 days, the baby's Scr decreased to 
0.41 mg/dl. The infant was not consuming the mother's 
milk during the observation period. The mother provided 
a written informed consent to measure both the mother's 
and the baby's serum drug concentrations and publish the 
results.

The Simcyp's built-in pregnant population model was 
used to create the pregnant Japanese model and simulate 
the PAL concentration in our pregnant patient. The phys-
iological and demographic data in the Japanese popula-
tion included in “Sim-Japanese” were used to recalibrate 
the corresponding parameters in the pregnant popula-
tion. Furthermore, the “virtual twin” approach was ad-
opted to personalize the Japanese pregnant model, and 
the Japanese pregnant model at zero weeks of gestation 
was used to simulate serum PAL after delivery for model 
standardization.

Effects of pregnancy: Fixed model  
simulation

Multiple physiological parameters are altered during 
pregnancy, resulting in significant changes in drug phar-
macokinetics. Hepatic enzyme activity (CYP2D6 and 
CYP3A4), tissue volume (plasma volume, red blood cell 
[RBC] volume, fetoplacental volume, and adipose vol-
ume), blood flow (CO), blood binding (HSA), hematocrit 
and renal function (GFR) were chosen as the parameters 
of interest. By the end of gestation, maternal CYP2D6 and 
CYP3A4 activity would be three and 1.24 times greater 
than in the pre-pregnant state, respectively14; likewise, 
plasma, RBC volumes, and CO may increase by 50%, 28%, 
and 30%, respectively,14 whereas HSA, hematocrit, and 

GFR may decrease by 31%, 38%, and 27%, respectively.14 
The regression equations used to describe the change in 
the parameters of interest in our model during different 
gestation ages in weeks were based on Abduljalil et al.14 
The input values for the pregnancy subsection of the 
Simcyp population section were modified to gain a thor-
ough understanding of the mechanism underlying the 
variations in RIS and PAL dispositions between pregnant 
and non-pregnant subjects as well as to shed light on how 
pregnancy affects two pharmacologically active drugs, a 
parent drug and its metabolite, with two different clear-
ance (CL) mechanisms. A fixed-parameter approach was 
used, in which all parameters, except for one specific pa-
rameter, were subjected to the physiological changes asso-
ciated with pregnancy mentioned above. In other words, 
all parameters were assumed to undergo gestational 
changes, apart from one, which remained unaffected. 
These changes were implemented using a one-parameter-
per-simulation approach. Finally, a combined model was 
developed where all parameters remained constant dur-
ing the simulation.

Effects of renal function model on  
the neonate

For the Japanese neonate subject, the “sim-pediatric 
Japanese” population was applied without modification, 
and it was assumed that PAL was given as an i.v. bolus 
dosage. To evaluate the drug elimination in a neonate 
after birth, the observed PAL concentration in the neo-
nate immediately after delivery (0.99 ng/ml in our case) 
was adopted as the reference point, which was assumed to 
be equivalent to the mean simulated maximum concen-
tration (Cmax) after the i.v. dosing to the neonatal PBPK 
model. Therefore, the adopted PAL i.v. dosage was the 
one that yielded a Cmax equal to 0.99 ng/ml. This timepoint 
was excluded from statistical analysis and used as a refer-
ence point. In addition, the prediction accuracy, and the 
optimal ontogeny model for PAL CL in neonates were ex-
amined. Ten methods, comprising four maturation-based 
models17,19,20,24 and six Scr-based equations,18,21–23,25,26 
were selected from GFR estimates approaches published 
in the literature (Table S5).

Model evaluation and statistical analysis

The following criteria were predetermined to assess 
model performance. First, visual predictive check for pre-
dicted (Cpred) and observed (Cobs) serum concentrations 
were used. Furthermore, the Cpred and areas under the 
plasma concentration-time curve (AUCs) of RIS and PAL 
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were compared with the observed values. The model was 
verified when the observed values were within the virtual 
population's 90% prediction interval (5th–95th percen-
tile range), and the ratio of the predicted value to the ob-
served value was within a two-fold difference.37 Moreover, 
the Cpred and the respective Cobs were compared in GOF 
plots. Then, to assess the prediction bias and precision of 
each analyte concentration, the mean error percentage 
(ME) ± standard error (SE) and root mean square error 
(RMSE) of the Cpred compared with the Cobs were calcu-
lated using the following equations:

RESULTS

Model development in the adult 
population

Figure  S2 depicts the healthy volunteers' quantitative 
mass balance diagram for RIS and PAL after a single oral 

dose of 1 mg RIS based on our PBPK model. According to 
the PBPK mass balance simulation, Simcyp estimated the 
RIS bioavailability (F) to be 59%, the fraction undergoing 
first-pass metabolism to be 40%, and the fraction of RIS 
and PAL excreted unchanged in the urine to be 4% and 
44%, respectively.

Model verification in the adult 
population, and extrapolation to 
pregnant and pediatric populations

Figure 1 depicts the visual predictive check (VPC) of Cpred 
and Cobs profiles, demonstrating close agreement for both 
RIS and PAL. Moreover, 100% of the simulated AUC and 
Cpred values for RIS and PAL were within the two-fold 
error acceptance range, and 77.1% fell under the 1.25-fold 
error range. The predicted CLt/F and CLt values for RIS 
and PAL in adults were 26.5 and 65.1  L/h, respectively. 
Figure 2 illustrates the GOF plots of Cpred and their respec-
tive Cobs of RIS or PAL in pediatric population in the previ-
ous report.13 Figure 3 depicts the VPC plots of the PBPK 
model for AM plasma concentrations at steady-state in 
the pregnant population after repeated doses of 5 mg oral 
RIS.13

ME (%) = 100∗
1

n

∑n

i=1

(

(Simulated value, i −Observed value, i)

Observed value, i

)

RMSE (%) = 100∗

√

1

n

∑n

i=1

(

(Simulated value, i−Observed value, i)

Observed value, i

)2

F I G U R E  1   Visual predictive check of the predictions of White and Japanese healthy adult population models for RIS and PAL using 
observed data from seven prior clinical studies30–36 with nine adult datasets following a single oral dose of 1 mg risperidone. The gray area 
indicates the 5th–95th percentile prediction interval, and the dashed black line represents the simulated mean drug concentration. The 
open circles mark the actual measured concentrations. (a) PBPK simulation for RIS concentration, and (b) PBPK simulation for plasma PAL 
concentration. PAL, paliperidone; PBPK, physiologically-based pharmacokinetic; RIS, risperidone.
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Maternal serum RIS and PAL 
concentrations and application to the 
individual subject

RIS was not detected in all maternal serum samples (below 
0.5 ng/ml). The serum PAL concentrations were between 
2.05–3.80 ng/ml before childbirth (Figure  4a) and 3.80–
9.90 ng/ml postpartum (Figure  4b). The RIS concentra-
tions in the umbilical artery and vein were undetectable, 

whereas the PAL concentrations were 1.10 and 1.05 ng/
ml in the umbilical artery and vein, respectively. The me-
dian PAL maternal-to-cord concentration ratio was calcu-
lated to be 2.83 (range 1.98–3.61). All observed maternal 
serum concentrations before and after delivery fell within 
the 5th–95th percentile prediction interval of the virtual 
population generated by the Simcyp simulator.

Table 1 summarizes the changes in RIS and PAL phar-
macokinetic parameters throughout the gestation period 

F I G U R E  2   Goodness-of-fit plot of predicted versus observed concentrations of RIS and PAL maximum concentration in two previous 
clinical studies.35 The dashed black line denotes the smooth line, whereas the light gray area denotes the prediction's 95% prediction 
confidence interval. Each symbol represents a single concentration–time profile, with RIS represented by blue symbols and PAL by red 
symbols. PAL, paliperidone; RIS, risperidone.

F I G U R E  3   Visual predictive check of the pregnant PBPK model predictions for AM concentration using observed data from a previous 
clinical study in pregnant women.13 with nine sampling points at baseline, and five sampling points in each pregnancy trimester after a 
repeated oral dose of 5 mg RIS in four pregnant patients. The observed AM concentrations were detected in the first, second, and third 
trimesters during gestational weeks 6, 20, and 34, respectively. The lines depict the simulated mean drug concentration at the baseline (red), 
the first trimester (green), the second trimester (blue), and the third trimester (orange). The 5th-95th percentile prediction intervals for 
the baseline, the first, the second, and the third trimesters, respectively, are shown by the dashed lines. The filled circle depicts the average 
AM observed during steady-state after 13.3 ± 1.5 h at baseline (red) and 13.8 ± 1.6 h in the pregnant population (green, blue, and orange), 
with the error bars representing their 95% confidence intervals. AM, active moiety; PBPK, physiologically-based pharmacokinetic; RIS, 
risperidone.
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as predicted by our PBPK model. The estimated maternal 
hepatic clearance, renal clearance, and CLt of RIS and PAL 
increased as the pregnancy progressed, whereas the F of RIS 
at 40 weeks decreased to half compared to 0 week (baseline; 
Table 1). In accordance with the Westin et al. study,13 a fixed-
parameter approach was used to deduce the mechanisms 
behind the observed variations in RIS and PAL serum lev-
els between pregnant and pre-pregnant subjects captured by 
our PBPK model. The CYP2D6 enzyme, CYP3A4 enzyme, 
serum albumin, hematocrit, tissue volumes, cardiac out-
put, and GFR were chosen as the parameters of interest in 
our model to explain the observed decrease in RIS and PAL 
serum concentrations during pregnancy. As demonstrated in 
Table 2, the RIS CLt in the CYP2D6-parameter fixed scenario 
was the lowest, and serum albumin and hematocrit were 
associated with changes in RIS CLt during pregnancy, but 

to a lower extent compared to CYP2D6. At the same time, 
changes in CYP3A4 activity, volumes of plasma, RBCs, adi-
pose, fetoplacental, cardiac output, and GFR had a negligible 
effect on the CLt of RIS. CYP2D6 activity, serum albumin, 
fetoplacental volume, and GFR had a modest effect on PAL 
Cmax, whereas other parameters had almost no effects. In the 
combined model, where all parameters were fixed, the CLt 
of RIS and the predicted PAL Cmax were comparable to the 
values obtained by the non-pregnant model (zero weeks).

Neonate serum PAL concentrations and 
application to the individual subject

RIS was not detected in the neonatal serum sam-
ples (below 0.5  ng/ml). The neonate serum PAL 

F I G U R E  4   A visual predictive check of the ability of the customized PBPK model to describe PAL concentrations after oral 
administration of RIS 0.5 mg twice daily in a Japanese pregnant patient before and after delivery. (a) PBPK simulation for maternal PAL 
concentration in a pregnant Japanese woman, and (b) post-delivery maternal PBPK simulation up to day 4 postpartum utilizing “pregnancy” 
parameters at zero weeks' gestation. Open circles represent the observed concentrations plotted across time, the dash-dotted line is the mean 
of the simulated PAL concentrations, and the gray area indicates the 5th–95th percentile prediction interval. PAL, paliperidone; PBPK, 
physiologically-based pharmacokinetic; RIS, risperidone.
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concentrations were 0.99, 1.03, 0.83, and 0.82 ng/ml on 
0, 1, 2, and 3 days after birth, respectively, and became 
undetectable afterward (Figure 5). Table S5 summarizes 
our study's selected renal maturation models and SCR-
based equations, and the ME% and RMSE% values for 

PAL concentrations calculated using all chosen GFR es-
timation methods, with the first timepoint was excluded 
from the ME% and RMSE% calculation as it was used 
as a reference point. Among the 10 equations used to 
investigate the accuracy of different eGFR methods, two 

T A B L E  2   Model predictions for total plasma RIS clearance and PAL maximum plasma concentrations in a 40-week customized 
Japanese pregnant PBPK model with a dose of 0.5 mg RIS twice daily and the fixed-parameter technique

Population model

RIS PAL

CLt (L/h) Fold changeb Cmax (ng/ml) Fold changeb

Basic pregnant model (0 week) 27.1 (0.62) 7.05 (1.40)

Basic pregnant model (40 weeks) 43.8 (Ref) 5.03 (Ref)

Fixed-parameter 
model

Enzymes CYP2D6 31.8 (0.73) 5.51 (1.09)

CYP3A4 43.5 (0.99) 4.99 (0.99)

Blood binding Serum albumin (g/L) 40.9 (0.93) 5.51 (1.09)

Hematocrit % 41.9 (0.96) 5.05 (1.00)

Tissue volumes Plasma volume (L) 43.8 (1.00) 5.06 (1.01)

RBCs volume (L) 43.8 (1.00) 5.03 (1.00)

Adipose volume (L) 43.8 (1.00) 5.02 (1.00)

Fetoplacental volume (L) 43.8 (1.00) 5.55 (1.10)

Blood flows Cardiac output (L/h) 43.8 (1.00) 5.27 (1.05)

Renal function GFR (ml/min) 43.5 (0.99) 5.41 (1.08)

Combineda 27.5 (0.63) 7.08 (1.41)

Abbreviations: CLt, total drug clearance; CLint, intrinsic clearance; Cmax, maximum drug plasma concentration; GFR, glomerular filtration rate; PAL, 
paliperidone; RBCs, red blood cells; RIS, risperidone.
aAll parameters of interest were fixed in the combined model.
bIn fold change calculations, the gestational 40 weeks was used as the base value.

F I G U R E  5   A visual predictive check of the tailored PBPK model's ability to estimate GFR in a Japanese neonate utilizing paliperidone 
as a probe drug and a “pediatric” population using 10 different GFR estimation methods. PAL was apparently given as an IV bolus at a 
dose that resulted in a paliperidone concentration of 0.99 ng/ml, the observed concentration right after birth that was used as a benchmark. 
The open circles indicate actual PAL concentrations. GFR, glomerular filtration rate; PAL, paliperidone; PBPK, physiologically-based 
pharmacokinetic; RIS, risperidone.
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Scr-based equations (Flanders metadata23 and Lund-
Malmo25) and one maturation-based model (Simcyp de-
fault model19) generated the most accurate results using 
our Japanese neonatal PBPK model.

DISCUSSION

Aside from serum concentrations, no previous research 
has performed a quantitative pharmacokinetic analysis 
of RIS and PAL throughout pregnancy. Moreover, assess-
ments of RIS and PAL concentrations in pregnant women 
and neonates are limited, primarily due to the absence of 
a suitable safety profile for RIS in such cases. According to 
the Australian categorization system for prescribing medi-
cines in pregnancy,38 RIS is a C category drug, implying 
that it may cause or is suspected of causing harm to the 
human fetus or neonate with no malformations.38

RIS is an intermediate hepatic extraction drug with 
a bioavailability of 70% (CV  =  25%) when administered 
orally.28,39 The hepatic route is responsible for ~ 95% of 
total RIS metabolism, with 41.3 ± 7.0% (SD) of the RIS 
dosage undergoing first-pass metabolism.39 In contrast, 
urinary excretion only accounts for a small portion of 
RIS elimination (3.4 ± 2.6% [SD])30 and a substantial por-
tion of its active metabolite PAL elimination (59.4 ± 7.1% 
[SD]).10 Using the Simcyp V21's mass balance output op-
tion, we could accurately report RIS elimination mass bal-
ance after a single 1  mg RIS dose in healthy volunteers 
(Figure S2). RIS bioavailability, the percentage of RIS me-
tabolized through first-pass metabolism, and the fractions 
of RIS and PAL excreted unchanged in the urine were 
predicted to be 59%, 40%, 4%, and 44%, respectively. These 
alignments between the observed and the predicted values 
added an extra validation layer for our RIS and PAL PBPK 
models, which is essential for maximizing the validity of 
the PBPK model-informed approach to precision dosing 
across populations.40 The estimated CLt and CLt/F values 
of RIS in adults were 26.5 and 65.1 L/h, respectively, which 
were comparable to the mean reported values (23.6 and 
65.4 L/h, respectively) in healthy volunteers.30,39 Similarly, 
the predicted PAL CLt value of 5.19 L/h was the same as 
the average observed value (5.19 L/h) in literature.10,30 
Scaling the adult PBPK model to children and pregnant 
women confirms the capacity of PBPK to predict pharma-
cokinetics in specific populations. Moreover, we demon-
strated the utility of using an individualized PBPK model 
to explain the differences in pharmacokinetic parameters 
between pregnant and non-pregnant subjects.

Westin et al.13 retrospectively monitored the effects 
of eight antipsychotic drugs, including RIS, in 110 preg-
nancies. Notwithstanding their small sample size for 
RIS, an inverse relationship between the AM serum 

concentrations and gestation age was depicted, with the 
AM concentrations decreasing from 24.4  ng/ml at the 
baseline to 18.4 ng/ml in the third trimester,13 as shown 
in Figure 3. During pregnancy, changes in oral bioavail-
ability, tissue volumes, blood bindings, enzyme activ-
ity, and cardiac output could theoretically cause this 
observed decrease in the AM concentration throughout 
pregnancy. In our case, the maternal RIS concentrations 
were not detected in all samples, and the PAL concen-
trations seemed to increase after birth, although the dos-
age of RIS was changed from 0.5 mg twice a day to 1 mg 
once a day (Figure  4). In our PBPK analysis, at the end 
of pregnancy, CLint of RIS and PAL mediated by CYP2D6 
were three times higher than in the non-pregnant state, 
and CLt of both drugs were increased 1.61 and 1.95-times, 
respectively (Table 1). Additionally, our model predicted 
a decline in the F of RIS from 0.52 at 0 weeks to 0.26 at 
40 weeks. This decline was primarily attributable to a re-
duction in the RIS fraction that escaped hepatic metabo-
lism (Fh) from 0.53 to 0.27 near the end of the gestation 
period. In contrast, the fraction of RIS that escaped gut 
metabolism (Fg) and the fraction of RIS absorbed from the 
gut (Fa) remained nearly unchanged during pregnancy, 
and both values were as high as 0.99. Although hepatic 
CYP2D6 induction during pregnancy promotes PAL 
production through RIS 9-hydroxylation, the increased 
CLt of PAL nullified the increase in PAL concentrations. 
Actually, in the fixed-parameter combined model, where 
all the parameters of interest were held constant, the pre-
dicted PAL Cmax as well as RIS CLt were almost equal to 
the values observed in the non-pregnant state (Table 2). 
Namely, the decreased serum albumin and the increased 
fetoplacental volume, GFR, and CYP2D6 activity, with a 
concomitant increase in PAL production from RIS hepatic 
metabolism, influenced RIS and PAL pharmacokinetics 
during pregnancy.

Pregnant women had a two-fold increase in PAL CLt 
compared to non-pregnant women. Toward the end of 
pregnancy, only 38% of PAL had been excreted in the 
urine, compared to 59% in the basic model (Table  1). 
Interestingly, the increase in CYP2D6 activity during preg-
nancy was sufficient for the primary route of PAL elimi-
nation that practically enabled the transition from renal 
to metabolic. These results support that the primary route 
of clonidine clearance shifts from the kidneys to drug-
metabolizing organs during pregnancy.41 We believe that 
these findings have increased our understanding on the 
complexity of RIS and PAL disposition during pregnancy.

In our study, we attempted to calculate the maternal-to-
cord concentration ratio for PAL which is considered as a 
useful in vivo index of relative intrauterine drug exposure 
that has been utilized in previous studies.42–44 Assessment 
of the fetal drug exposure may aid in directing treatment 
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selection, providing a greater insight into the extent to 
which intrauterine drug exposure is primarily responsible 
for neonatal complications.43 In a previous case report of a 
pregnant woman on PAL depot, the concentration of PAL 
in the umbilical vein was approximately half of the ma-
ternal concentrations (7.3 ng/ml vs. 13.85 ± 1.62 [SD] ng/
ml, respectively), indicating appreciable fetal exposure to 
the drug at steady-state.45 In our study, the median PAL 
maternal-to-cord concentration ratio was determined 
to be 2.83 (range 1.98–3.61) at steady-state (typically 
after 4–5 days for PAL28), which corresponds reasonably 
well with their findings. In another previous study,43 the 
maternal-to-cord plasma ratio for AM was determined to 
be 2.44 ± 2.80 (SD), which coincides to the ratio for PAL 
alone.

Interestingly, the PAL concentration in our newborn 
was approximately one-third of the maternal one, and 
gradually decreased after birth (Figure 5). Our neonate's 
Scr values (0.88 mg/dl on day 1 and 0.41 mg/dl on day 6) 
were consistent with the typical progression of renal func-
tion in neonates.16 Neonatal Scr reflects the mother's rel-
atively high level of Scr (~ 0.74–0.79 mg/dl) at birth,16 and 
the Scr concentration drops with the concomitant rapid 
growth in GFR during the early postnatal weeks. Due to 
the expected poor clearance in neonates and the lack of 
clarity regarding which factors best reflect the GFR, we 
evaluated numerous GFR estimating approaches to iden-
tify the optimal ontogeny model for this vulnerable popu-
lation using our personalized PBPK model. In the Simcyp 
software, a renal maturation function is incorporated 
into the pediatric population models to improve predic-
tion accuracy, particularly for children less than 2 years 
old. Four maturation models and six Scr-based equations 
were studied (Table S5). To account for the change in an-
thropometric parameters with age, most GFR maturation 
models include a body weight variable in addition to age. 
Simcyp's default model is a sigmoidal maximum effect 
model based on the BSA model published by Johnson 
et al.19 Furthermore, Wang et al.17 and Salem et al.24 used 
gestational age, postnatal age, and weight in their pub-
lished maturation models. In contrast, Scr-based equa-
tions provide a more practical and extensively utilized 
alternative method for determining eGFR. Consequently, 
two Scr-based equations (Flanders metadata23 and Lund-
Malmo25) and one maturation-based model (the Simcyp 
default model19) yielded the most accurate RMSE%, 
ME%, and VPC values regarding PAL plasma concentra-
tion (Table S5 and Figure 5). Llanos-Paez et al.46 used the 
chromium 51-labeled ethylene diamine tetraacetic acid 
excretion test to compare the measured values of GFR to 
the GFR values estimated from 22 equations in pediatric 
oncology patients. Similar to our findings, the authors 

determined that the Flanders metadata equation23 had 
the lowest ME% and RMSE%, and demonstrated accuracy 
within 30% for over 75% of GFR estimates.

Our study has a number of limitations. First, to use the 
PBPK model approach with Scr-based equations, we used 
the Scr at birth because Simcyp does not have the option to 
account for the rapid decline in Scr during the first days of 
life in the pediatric ontogeny. Therefore, the superior per-
formance of Scr-based equations over maturation models 
should be interpreted with caution. Second, the presence 
of only three observed PAL plasma concentrations in our 
study necessitates further analysis with larger number of 
data points. Third, we did not include the prediction of 
intrauterine fetal drug exposure by using PBPK pregnant 
model in this report, which we believe is a worthwhile 
topic for further research.

In conclusion, this study demonstrated the feasibility 
of using an individualized PBPK model to predict changes 
in RIS and PAL pharmacokinetics during pregnancy and 
neonatal periods. We believe in the value of sharing our 
findings to deepen the overall understanding of antipsy-
chotic pharmacokinetics during pregnancy. Our PBPK 
model explained the mechanisms behind changes in RIS 
and PAL plasma concentrations and clearances observed 
in pregnant women. This model might also optimize RIS 
dosing regimens across populations as part of model-
informed precision dosing, moving further away from a 
“one-size-fits-all” approach and avoiding subtherapeutic 
doses that could expose the mother and fetus to both the 
drug and the disease.
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