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Editorial on the Research Topic

Exploring Maternal-Fetal Pharmacology Through PBPKModeling Approaches

While drug intake during pregnancy is frequent (almost 90%) and still increasing (1, 2), only a
small fraction of these drugs (<10%) have been properly studied and labeled for use in pregnant
individuals (3). The lack of sufficient information to warrant safe and effective pharmacotherapy
during pregnancy constitutes a significant public health challenge. This issue is anything but
new. In 1993, the Working Group on Women in Clinical Trials including, amongst others, the
commissioner of the Food and Drug Administration (FDA) at that time, Dr. David A. Kessler,
stated that “maximizing protection of fetuses from potentially toxic therapies is prudent, and fear of
liability is understandable, but the result is that many drugs are ultimately used during pregnancy
without reliable data on their maternal and fetal effects” (4). More recently, the response to the
COVID-19 pandemic can be seen as another worrisome example illustrating the blatant lack of
information to support safe and effective healthcare for pregnant individuals (5–7). While there is
some hope that the current paradigm of systematic exclusion will shift toward a fair and responsible
inclusion of pregnant individuals in clinical trials (8), other approaches may complement our
understanding of maternal-fetal pharmacology and hence improve pharmacotherapy.

Among these approaches, physiologically based pharmacokinetic (PBPK) modeling holds
exciting promise (9, 10). PBPK models are compartmental models consisting of a plethora of
differential equations describing the pharmacokinetics on a (semi)mechanistic basis, meaning that
the relationship between the pharmacokinetics and model parameters is specified in terms of the
physical, chemical, and biologic processes that are thought to have given rise to the clinically
observed pharmacokinetics. This mechanistic basis brings about a predictive performance superior
to that of empirical compartmental models (11–13). PBPKmodels are increasingly being applied to
simulate pharmacokinetics throughout pregnancy (14, 15). This is encouraging in view of the many
difficulties in conducting pharmacological studies in pregnant individuals and demonstrates how
the potential of PBPK models can be leveraged to refine the knowledge about pre- and perinatal
pharmacology, especially when clinical data are sparse, missing, or conflicting.

This article Research Topic aims to promote maternal-fetal PBPK modeling as a high-level tool
for gaining a better understanding of drug pharmacokinetics during pregnancy. In the first review,
Chaphekar et al. discuss when and how PBPK modeling constitutes an alternative approach to
clinical studies and provide a comprehensive summary of the status of human PBPK models for
predicting maternal and fetal drug exposure.
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Subsequently, several articles of this Research Topic report
novel PBPK applications focusing on maternal and/or fetal
pharmacokinetics in rats or humans. Personne et al. open this
field with a perspective on fetal permethrin exposure throughout
gestation in rats. To this end, the authors developed a rat PBPK
model for permethrin to estimate placental transfer and prenatal
exposure in various tissues including the fetal brain, providing a
sound basis for extrapolation to humans.

Another approach to inform placental drug transfer in
humans is reported by Mian et al. who present a novel in silico
cotyledon perfusion model that was used to learn the placental
transfer kinetics of acetaminophen from reported data measured
in the ex vivo cotyledon perfusion system and, upon integration
of the learnt transfer kinetics in a whole-body PBPK model,
evaluated with clinical data at term delivery.

Along the same line, Liu et al. refined the ordinary differential
equation system of an existing pregnancy PBPKmodel to account
for differences in protein binding of drugs between maternal and
fetal blood plasma showing that, especially for highly-protein
bound drugs, a lower fraction unbound in the fetus vs. mother
can markedly affect predicted fetal exposure.

In another work, Amice et al. combined two previously
published pregnancy PBPKmodels for nicotine and cotinine and
predict fetal exposure to these substances in plasma and brain
after intravenous injection; potential extensions of this model,
such as further refinement once more clinical data become
available, are also discussed.

While current pregnancy PBPK models typically rely on
physiological information from healthy pregnant individuals,
they may not fully reflect the underlying physiology of pregnant
patients. To tackle this issue, Zhao et al. analyzed serum albumin
concentrations collected from large cohorts of pregnant and
postpartum women living with HIV and generated functions
describing the trajectory of the concentration of each plasma
protein in the two cohorts that can be readily utilized for PBPK
model development.

This article Research Topic also includes modeling studies
with potential implications for clinical practice. Zheng et al.
developed a PBPK model for olanzapine; the simulation results

in pregnant individuals suggest that dose adjustment can hardly

be recommended at the studied stages of pregnancy if treatment
before pregnancy was effective and fetal toxicity can be ruled out.

Shenkoya et al. structurally extended a maternal-fetal PBPK
model by adding compartments for the lymphatic system and
predict the penetration of three antiretroviral drugs in lymphoid
tissues-the largest HIV reservoir in the body-indicating that no
dose adjustments seem to be necessary in the late third trimester
of pregnancy.

Obviously, clinical research involving pregnant individuals
can only be carried out within a well-defined regulatory
framework. Therefore, two articles from the UK Medicines and
Healthcare Products Regulatory Agency (MHRA) and the US
Food and Drug Administration (FDA) conclude this Research
Topic. Coppola et al. discuss various facets of model evaluation
and qualification that are considered necessary if these models
are to be used in the context of regulatory application.

Green et al. provide a detailed account of the regulatory
framework pertaining to research in mothers, fetuses, and
neonates, and discusses multiple aspects of the use of modeling
in regulatory submissions concluding that modeling will help
fetal pharmacology to quickly move into the mainstream of
drug development for the benefit of pregnant individuals and
their fetuses.

We hope that this Research Topic will stimulate further
research in the field of maternal-fetal PBPK modeling that will
ultimately contribute to a more evidence-based approach to
pharmacotherapy in pregnancy.
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Physiologically Based
Pharmacokinetics Model in
Pregnancy: A Regulatory Perspective
on Model Evaluation
Paola Coppola*, Essam Kerwash and Susan Cole

Medicines and Healthcare Products Regulatory Agency, London, United Kingdom

Physiologically based pharmacokinetics (PBPK) modelling is widely used in medicine

development and regulatory submissions. The lack of clinical pharmacokinetic data in

pregnancy is widely acknowledged; therefore, one area of current interest is in the use

of PBPK modelling to describe the potential impact of anatomical and physiological

changes during pregnancy on the medicine’s pharmacokinetics. PBPK modelling could

possibly represent a predictive tool to support the medicine benefit–risk decision and

inform dose adjustment in this population and also to investigate medicine levels in

the foetus to support the risk assessment to the foetus. In the context of regulatory

application, there are, however, a number of considerations around model evaluation,

and this should be tailored to the model purpose, in order to inform the confidence in

the model for the intended application. A number of gestational age-related physiological

changes are expected to alter the pharmacokinetics of medicines during pregnancy, and

there are uncertainties on some parameters; therefore, well-qualified models are needed

to improve assurance in the model prediction before this approach can be used to inform

with confidence high-impact decisions as part of regulatory submissions.

Keywords: physiologically-based pharmacokinetics modelling, pharmacokinetics, pregnancy PBPK, foetal PBPK,

breastfeeding PBPK, PBPK qualification, regulatory submissions

INTRODUCTION

Although drug labels generally recommend to avoid use of medicines in pregnancy and
breastfeeding, pharmacological treatment may be necessary for some medical conditions. The lack
of clinical pharmacokinetics (PK) data in pregnancy is widely acknowledged; therefore, one area of
current interest is in the use of PBPK modelling to describe the potential impact of anatomical and
physiological changes during pregnancy on the medicine’s PK. PBPK modelling could represent a
predictive tool to support the medicine benefit–risk decision and inform dose adjustment in this
population. PBPK may also be useful to investigate medicine levels in the foetus to support the risk
assessment to the foetus and in breast milk to inform exposure to infants.

Using a mathematical approach, PBPK models predict the expected medicine levels in the
target population, as well as how physiological changes may alter those levels. There are,
however, a number of considerations around the modelling before it can be used to inform
clinical practice or regulatory submissions with confidence. This article provides an overview of
considerations around the potential use of modelling to inform clinical practice with confidence,
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and considerations are provided regarding the qualification
process usually required to support high-impact regulatory uses.

PREGNANCY PHYSIOLOGICALLY BASED
PHARMACOKINETICS MODELS

The physiological changes occurring in women during pregnancy
may alter the absorption, distribution, metabolism and excretion
(ADME) of medicines. Oral drug absorption may be delayed
during pregnancy, and decreased levels of plasma proteins
albumin and α1-acid glycoprotein may lead to decreased drug
plasma protein binding and increased levels of unbound drugs.
Moreover, protein binding of drugs, hepatic blood flow and
hepatic enzyme activity are altered during pregnancy; and this
may affect the elimination pathway of hepatically cleared drugs
(1). As a consequence of altered metabolic enzymes activity, the
blood concentrations of drugs metabolised through CYP2D6,
CYP3A4, CYP2A6, UGT1A4, and UGT2B7 are expected to
decrease during pregnancy as compared with those in non-
pregnant subjects, while concentrations of drugs that are
substrates of other enzymes, e.g., CYP1A2 and CYP2C19, are
expected to increase in pregnant women (2).

PBPK modelling can be used as a predictive tool to provide
an understanding of drugs disposition in pregnant women.
Most gestational age-dependent physiological changes, including
the development of the foetal placental compartment, may be
incorporated in the model to allow an understanding of the
impact of those changes on the PK of medicines in pregnant
women compared with non-pregnant subject. SimcypTM

Simulator (Simcyp Ltd, Sheffield, UK, http://www.simcyp.
com), GastroPlusTM (Simulations Plus Inc., Lancaster, CA,
USA) and PK-Sim R© (http://www.open-systems-pharmacology.
org/) are PBPK platforms; and all have pregnancy models to
predict exposure in pregnancy populations at different stages of
pregnancy based on the physiological changes that occur.

The European Medicines Agency (EMA) and US Food and
Drug Administration (FDA) recommend that, where possible,
PK and pharmacodynamic (PD) studies should be conducted
in pregnant women to understand how pregnancy affects the
blood levels of medicines commonly used and to inform dosing
regimen of medicines to be used in pregnancy (3, 4). The
importance of PK studies including pregnant patients has been
highlighted in the FDA’s draft guidance (4), where the use
of PBPK is suggested to support clinical study design in this
vulnerable population.

PBPK models have been seen in regulatory submissions by
regulators in Europe and the USA; and in some cases, models
have been accepted to replace clinical studies and to inform the
SmPC (5–7). However, pregnancy PBPK models have, to date,
been seen in a very limited number of submissions in Europe.

PBPK may support the understanding of drug systemic
exposures in pregnant population and be used to optimise the
design of PK clinical trials for investigational medicines in
this population. Given the sparsity of data and the need to,
on occasions, dose pregnant women, the potential of PBPK
modelling to inform this dosing was considered important to

explore. Themodelling could be used to identify whichmedicines
are more likely to be affected by pregnancy and, therefore,
would be a priority to obtain clinical data in pregnant women.
Eventually, there may be situations where the confidence in the
PBPK model is such that it can be used to support extrapolation
of efficacy and safety data from healthy volunteers to pregnant
women without any clinical data. Ultimately, the hope is that
models could be used by healthcare professionals in the clinic to
better inform dosing of these patients.

Dosing based solely on exposure, whether measured or
predicted, is considered an extrapolation in EU regulatory terms,
and a framework has recently been published for children.
This framework could be usefully applied to pregnancy (8). A
comprehensive PBPK pregnancy model framework could bridge
the gaps in data to support a prospective investigation of the
exposure, which should then be considered in terms of the
exposure–response relationship. This is important for predicting
the necessary dose changes to maintain maternal health (9). The
first step in the extrapolation is to understand the exposure in
pregnancy, and this could be informed by the PBPKmodels. Such
a use would be considered a high-impact application and would
require a robust model evaluation.

FOETAL PHYSIOLOGICALLY BASED
PHARMACOKINETICS MODELS

The evaluation of the risk of foetal exposure to drugs, and
its toxicity, during pregnancy is crucial in the benefit–risk
assessment of medicines for treating either pre-existing or
gestational-related maternal medical conditions. Moreover, in
some cases, medical treatment may be needed to prevent vertical
disease transmission from the mother to the foetus (e.g., HIV
infection). PBPK modelling could provide an understanding of
the drug transplacental passage and may be helpful to predict
expected foetal medicine levels during pregnancy. The umbilical
cord/maternal plasma drug concentration ratio may allow some
understanding of the transplacental transfer, although it may not
always provide a good prediction of the foetal drug exposure, and
the majority of data are in late-stage pregnancy/delivery (10).

LACTATION PHYSIOLOGICALLY BASED
PHARMACOKINETICS MODELS

Modelling approaches may be useful to estimate mother and
infant drug exposure during lactation. PBPK is a potential
valuable tool that has been used to predict milk to plasma ratio
of potentially harmful medicines and environmental toxins (11).
Milk composition varies considerably during and in between
breastfeeding sessions, which affects the milk to plasma ratio,
leading to variable concentrations of the medicines excreted in
milk (12). PBPKmay be utilised to estimate themedicine’s plasma
to milk partition coefficient and calculate the total concentration
in milk during breastfeeding, which could be used to calculate
the total daily intake by infant. Moreover, PBPK may potentially
predict infant exposure during breastfeeding after accounting
for the maturation in the drug absorption, distribution and
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FIGURE 1 | Schematic representation of (A) inputs needed for building both system and drug models; (B) Mass balance diagram following oral and intravenous

dosing.

elimination systems (13). The deposition of drug in various
infant tissues such as the kidney, liver, and bone marrow may be
also simulated.

EVALUATION OF THE PREGNANCY
PHYSIOLOGICALLY BASED
PHARMACOKINETICS MODEL

In a previous publication, we introduced a project to investigate
PBPK models to inform drug use in pregnancy (9); this
publication includes more detail on what should be considered
in terms of model evaluation.

The recommendations in terms of considering whether these
models are fit for purpose are outlined in the EMA guideline
(6), and key aspects are discussed below. Other frameworks
exist for the evaluation of models, e.g., the risk-based credibility
assessment framework proposed by Kuemmel et al. (14).

Literature data are available on a number of model drugs
that we consider to have rich data sets in pregnancy. For these
compounds, drug models are needed; these may be sourced
from model repositories; or when models are not available, these
models can be built from scratch. In both cases, it is important to
determine that the input parameters, i.e., drug physicochemical,
PK and PD characteristics, are robust and adequately determined.
In the drug development environment in pharmaceutical
companies, all input parameters will usually bemeasured de novo;
however, when building models retrospectively, it is necessary to
source data from the literature; and in some cases, parameters are
optimised during model development.

The important parameters for constructing an appropriate
PBPK model depend on the model purpose. In the context
of use in pregnancy, an extensive understanding of the
absorption and elimination processes is essential, and parameters
describing this should be reliable. A drug disposition diagram
(15, 16) is recommended for the drugs of interest (Figure 1).
The quantitative contribution of all enzymes and transporters
involved in the absorption and elimination should be adequately
captured in the model, and any uncertainties should be explored
with a sensitivity analysis. The quantitation of all pathways
to the elimination can be difficult to determine. This may
be more challenging for compounds that are substrates of
multiple CYPs enzymes, e.g., metronidazole (17), where the
specific contribution of each CYP needs to be known, or
for substrates of CYP2D6, e.g., metoprolol, as polymorphism
may affect the systemic exposure (18). Moreover, the PK of
medicines undergoing renal elimination, e.g., amoxicillin, may
be altered during pregnancy due to changes in transporters
activity/expression; and information about transporters involved
in clearance pathways and/or transplacental passage is still
limited at the moment (19). The more complex the absorption
and elimination processes are for the drug of interest, the more
uncertainty this can introduce.

The predictive capability of the drug model should also be
determined. The reliability is assessed on the basis of how well
important characteristics of the drug model have been tested
against in vivo PK data. The moiety of interest for predictions
should be considered; e.g., parent drug and/or metabolite and
the predictive performance of the drug model needs to be
demonstrated in healthy volunteers following a range of doses
and following single and multiple dosing. Any mis-specification
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in healthy volunteers will need to be considered when it comes to
considering the results in pregnancy.

QUALIFICATION OF THE PREGNANCY
PHYSIOLOGICALLY BASED
PHARMACOKINETICS MODEL

Extensive understanding of physiological changes occurring both
during and after pregnancy that may affect drug absorption
and disposition (system model) are critical to build a robust
PBPK model.

Model qualification is used to determine if these physiology
changes have been adequately captured by the system model. In
the context of regulatory application, the confidence in the model
predictions should be supported by the model qualification,
which should be related to the intended purpose and the
regulatory impact of themodelling (6, 20). For example, extensive
qualification is requested for high-impact models, e.g., when
the PBPK is aimed to replace clinical studies or to investigate
complex drug–drug interactions (6). A number of compounds
with similar ADME characteristics to that of the investigational
drug should be used to qualify the model. The confidence in the
model depends on both the results of drug model evaluation and
the qualification level for the use of the PBPK for the intended
purpose (5). For pregnancy PBPK models, clinical PK data in
pregnant women collected in all gestational trimesters should be
used for the model qualification and validation. However, this
might be hampered in some cases due to limited available data
in this population, in all trimesters.

For maternal pregnancy models, changes in distribution
and elimination are important to capture in the models
and to determine the compounds in a qualification data
set for a given drug. For example, information about renal
changes occurring during all gestational trimesters is crucial for
developing a PBPK model aimed to investigate the maternal
systemic exposure of medicines undergoing renal elimination.
The qualification set should then include drugs renally cleared
by the same mechanism. For drugs where a specific enzyme or
transporter plays a major role in the absorption, distribution
and elimination, the qualification set should consist of a set
of drugs for which the same enzyme or transporter plays
a significant role. In some cases where multiple enzymes
or transporters are involved, then a larger qualification data
set may be required including drugs with known maternal
exposure, which are substrates for at least one of the enzymes
or transporters.

In order to understand foetal exposure of drugs, qualification
will be required to show the model’s ability to predict foetal
concentrations or concentrations entering the foetus. In this
situation, qualification will need to focus on the model’s ability
to predict foetal or cord concentrations.

The approach taken could be a comprehensive model
with qualification of maternal and foetal concentrations;
alternatively, if the maternal model has already been qualified or

concentrations are based on measured values, it is suggested that
an abbreviated approach could be taken where the qualification
is based on prediction of foetal concentrations when the
maternal concentrations are known and foetal concentrations are
considered in the terms of a ratio to maternal concentrations. In
this case, the qualification set of drugs should include drugs with
similar properties to the drug of interest.

In order to understand exposure in milk, qualification
using drug concentration PK profile in human milk is
normally required to show the model’s ability to predict milk
concentrations. Comparison between foremilk and hindmilk
drug concentrations is recommended to account for any time-
dependent changes.

The approach taken could be a comprehensive model
with qualification of maternal and foetal concentrations;
alternatively, if the maternal model has already been qualified
or concentrations are based on measured values, again, an
abbreviated approach could be taken where the qualification is
based on prediction of milk concentrations when the maternal
concentrations are known, in the terms of a ratio. In this case,
the qualification set of drugs should include drugs with similar
properties to the drug of interest.

CONCLUSION

PBPK modelling could be a valuable tool to support the
investigation of the expected medicine levels in pregnant women
and exposure to the foetus and the infant on breastfeeding
and to support the benefit–risk evaluation for drugs to be used
in pregnancy.

As a number of gestational age-related physiological changes
are expected to alter the PK of medicines during pregnancy,
and there are uncertainties on some parameters, well-qualified
models are needed to improve assurance in the model prediction
before this approach can be used to inform with confidence
high-impact decisions as part of regulatory submissions.
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Introduction: Physiologically based pharmacokinetic (PBPK) models for the absorption,
disposition, metabolism and excretion (ADME) of nicotine and its major metabolite cotinine
in pregnant women (p-PBPK) are rare. The aim of this short research report is to present a
p-PBPK model and its simulations for nicotine and cotinine clearance.

Methods: The maternal-placental-fetal compartments of the p-PBPK model contain a
total of 16 compartments representing major maternal and fetal organs and tissue groups.
Qualitative and quantitative data of nicotine and cotinine disposition and clearance have
been incorporated into pharmacokinetic parameters.

Results: The p-PBPK model reproduced the higher clearance rates of nicotine and
cotinine in pregnant women than non-pregnant women. Temporal profiles for their
disposition in organs such as the brain were also simulated. Nicotine concentration
reaches its maximum value within 2 min after an intravenous injection.

Conclusion: The proposed p-PBPK model produces results consistent with available
data sources. Further pharmacokinetic experiments are required to calibrate clearance
parameters for individual organs, and for the fetus.

Keywords: nicotine, cotinine, pregnant women, fetus, PBPK

INTRODUCTION

Cigarette smoking during pregnancy is associated with many adverse effects, including increased
spontaneous abortion, a higher premature delivery rate and lower birth weight (Lambers and Clark,
1996). Clinical and experimental studies on the absorption, disposition, metabolism and excretion
(ADME) of nicotine and its major metabolism product, cotinine, in pregnant women have provided
important insights (Benowitz and Dempsey, 2004),, such as the significantly higher nicotine and
cotinine clearance during pregnancy than post-partum and at different gestation stages (Benowitz
and Dempsey, 2004; Dempsey et al., 2002; Taghavi et al., 2018; Benowitz et al., 2006). Possible
explanations for this phenomenon include pregnancy-induced metabolism activities for C-oxidation
via the CYP2A6 and for G-glucuronidation via UGT2B10 (Taghavi et al., 2018). Physiological
changes during pregnancy may also pay a role, such as the substantially increased renal flow (30–50%
higher) and resultant higher renal clearance (Morgan, 1997). To date, however, these findings have
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not been incorporated into physiologically based
pharmacokinetic (PBPK) models for pregnancy (p-PBPK), and
specifically for nicotine and cotinine clearance during pregnancy.

PBPK is a mathematical modelling technique for predicting
the ADME of drugs in humans. An early PBPK model developed
for adult men, not pregnant women, used data from intravenous
nicotine infusion experiments to find pharmacokinetic
parameters (Robinson et al., 1992). Recent PBPK models for
nicotine were also reported, e.g., by Kovar et al. (2020) to simulate
nicotine brain tissue concentrations after the use of combustible
cigarettes, e-cigarettes, nicotine gums, and nicotine patches, and
by Saylor and Zhang (2016) where antibody affinity to nicotine
was considered in a PBPK model for nicotine disposition in the
brains of rats and humans. Specific to p-PBPK model, Gaohua
et al. (2012) used it to investigate the PK profiles of three
compounds (caffeine, metoprolol and midazolam) in response
to the gestational related activities of three cytochrome P450
enzymes. George et al. (2020) used another p-PBPK model to
investigate the dosing adjustment of an antidepressant
(sertraline) during pregnancy.

In this study, we take advantage of a generic p-PBPK template
(Gentry et al., 2003), where nicotine was used as a representative
compound for water soluble, semi-volatile chemicals. However,
the model did not provide clearance profiles after nicotine
administration but rather changes at different gestation stages.

The aim of the current work was to combine the two models, i.e.
by Robinson et al. (1992) and Gentry et al. (2003), and to
incorporate some recently published data.

METHODS

Integrated PBPK Model for Nicotine/
Cotinine
We adopted and customised an adult PBPK model consisting of
nine compartments for cotinine (COT) and ten for nicotine
(NIC), representing key organs and tissues in humans, i.e., the
arterial and venous blood, the brain, liver, lung, kidney, rapid
(vessel-rich tissues), muscle and fat groups (Robinson et al., 1992)
(Figure 1). The NIC and COT models are connected from the
liver compartment, representing the biotransformation from
nicotine to cotinine via CYP2A6 (approximately 80% of
nicotine is metabolized into cotinine) (Benowitz et al., 2009).
In this way the time course of nicotine and cotinine
concentrations can be simulated simultaneously. Furthermore,
we added an extra brain compartment to simulate the quick
uptake of nicotine in the brain (10–20 s after cigarette smoking)
(Benowitz et al., 2009).

A significant difference between our PBPK model and the
model of (Robinson et al., 1992) is the updated renal and hepatic

FIGURE 1 |Diagram of the P-PBPKmodel structure with intravenous nicotine injection as the intake route. The underlying differential equations and parameters are
provided in Supplementary Material. Details of the fetus PBPK model are shown inside the blue compartment. Note, the “Rapid” compartment in the diagram
corresponding to “Vessel-rich Group” compartment in the PBPK model of Robinson et al. (1992).
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clearance rates since women have a higher nicotine/cotinine
clearance (Dempsey et al., 2002) (Curvall et al., 1990). The
parameters for NIC/COT hepatic and renal clearance,
including those estimated for pregnant women, are shown in
Table 1.

In addition to the hepatic and renal clearance changes, the
clearance rate in the muscle compartment is also updated so that
the nicotine concentration in muscle is similar to that in the
plasma (Benowitz et al., 2009).

P-PBPK Model Construction
The p-PBPK model has been constructed with extra
compartments: the mammary, uterus, placenta and fetus
compartments (Figure 1). We adopted the p-PBPK template
which has a similar NIC-COT compartmental structure to
(Gentry et al., 2003). We also used some physiological
parameters in this template, as documented in the
Supplementary Material. In the fetus compartment, in
addition to the blood, liver and rest of the body
compartments, a brain compartment is added to investigate
the nicotine distribution to the fetal brain. Concerning the
methods of nicotine administration, three pathways have been
implemented including intravenous injection, cigarette smoking
and oral dosing.

New clearance rates have been estimated to simulate the
accelerated clearance rates for nicotine and cotinine in
pregnant women, which are about 60 and 140% higher
respectively than non-pregnant women (Dempsey et al., 2002;
Taghavi et al., 2018). Corresponding changes to the hepatic and
cotinine renal clearances are shown in Table 1.

In the p-PBPK model of Gentry et al. (2003), the transfer of
drugs across the placenta barrier is modelled in a diffusion-
limited equation. However, since the fetal nicotine level is 15%
higher than the maternal side, yet the fetal cotinine level is lower
than the maternal level (Lambers and Clark, 1996), an influx-
efflux model is used to simulate the nicotine/cotinine transfer in
the placenta. Different stages of gestation are also incorporated
through adjustments of organ/tissue volumes, blood flow supply
based on the generic equations (Abduljalil et al., 2012; Brown
et al., 1997).

Parameters of the p-PBPK Model
Overall, our model consists of two sets of parameters. The first set
of parameters describe the physiological properties in each

compartment including the volume, blood flow rate; while the
second set of parameters define drug-specific parameters
including tissue-to-blood partition coefficients, metabolic and
clearance rates. The second set, i.e. nicotine/cotinine related
parameters including their respective data sources are
provided in Table 1. The first set i.e., physiological parameters
are provide in the Supplementary Material.

There are total 32 differential equations for the p-PBPKmodel
shown in Figure 1. The equations are not listed here but provided
in the Supplementary Material for interested reader’s reference.
The program was implemented in Matlab, with ODE45 as the
differential equation solver. To run the programme, the gestation
stage (in months) and body weight (in kg) need to be provided. In
this work we used gestation week 30 and body weight 73 kg as the
parameters, which can be altered by the user. Furthermore, the
body weight is related to the gestation week, which has also been
implemented in our model (Sharma et al., 2018).

Validation of the Model
Published plasma NIC/COT concentration data that was used to
validate the PBPK model in (Robinson et al., 1992), were
employed to validate the non-pregnant woman model.
Specifically, the plasma levels of cotinine for four non-
smoking subjects after cotinine infusion (0.67 mg/min for
30 min), as reported by De Schepper et al. (1987), and the
plasma NIC/COT concentration after nicotine infusion (10 µg/
min for 60 min) in six non-smoking subject, as reported by
(Curvall et al., 1990), were used to compare with our model
simulations.

The studies on plasma NIC/COT levels in pregnant women
are very rare. However, there are reports that describe
qualitatively some pharmacokinetic features of NIC/COT in
pregnant women. For instance (Lambers and Clark, 1986),
pointed out that the nicotine level in plasma at the fetal side
was about 15% higher than that at the maternal side. These data
have been used indirectly in our model for parameter
optimisation.

RESULTS

Baseline PBPK Model
At first, we calibrated the adult PBPK model with published
nicotine/cotinine PBPK model for man (Robinson et al., 1992),

TABLE 1 | Nicotine and cotinine hepatic and renal clearance parameters used in the model.

Parameter for men
Curvall et al. (1990), a

Parameters for women
Dempsey et al. (2002), b

Parameters for pregnant
women, estimated from
Dempsey et al. (2002),
Taghavi et al. (2018), b

Nicotine hepatic clearance 277.14 16.2 26.6
Nicotine renal clearance 0.6198 0.7 0.3
Cotinine hepatic clearance 6.3635 0.5 1.2
Cotinine renal clearance 0.0248 0.2 0.3

aUnit: ml/h/kg.
bUnit: ml/min/kg.
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which may be used as a proxy for non-pregnant women. The
simulations in (Robinson et al., 1992) contain several dose and
infusion scenarios, which we chose two regimens to investigate: 1)
intravenous nicotine infusion of 10 µg/min for 60min (Curvall et al.,
1990); and 2) intravenous infusion of cotinine of 0.67mg/min for
30min (De Schepper et al., 1987). The body weight of the adult
womenwas set as 70 kg, following the adult bodyweight configuration
in (Robinson et al., 1992). Figure 2 shows the time course of nicotine
and cotinine over 5 h. The plasma nicotine concentration reaches the
peak value after about 1 h, and then gradually decreases. Its half-life
(∼3 h) is much shorter than that of cotinine (∼16 h), in accordance
with the half-life data reported in literature (2 h for nicotine vs. 16.6 h
for cotinine) (Dempsey et al., 2002).

The time course of the concentration of nicotine and cotinine in
plasma (blue and red lines respectively) resulting from our model
match closely (within 5% of deviation) with the pharmacokinetic
data reported by Curvall et al. (1990). In addition, the literature
reported 22 ± 7.2 µg of unchanged nicotine and 16.1 ± 3.8 µg of

cotinine in urine 5 h after the infusion (Curvall et al., 1990), while
our model predicted 28.8 µg of nicotine and 15.3 µg of cotinine in
urine, consistent with the literature.

p-PBPK Model
The evolvement of nicotine and cotinine centration profiles in
pregnant women was simulated. The gestation stage was set as
week 30, and the body weight of pregnant woman as 73 kg. At this
stage of fetal development the fetal liver has limited nicotine and
cotinine metabolism and clearance capacity (Benowitz et al.,
2009). Since data related to fetal clearance was not available,
assumptions were made that the fetal clearance efficiency was
only 20% of maternal hepatic clearance for both nicotine and
cotinine. With these assumptions, the plasma nicotine and
cotinine profiles are shown as dashed lines in Figure 1. As
can be seen, the nicotine and cotinine concentrations in the
pregnant women model are lower than the adult non-pregnant
woman model, reflecting higher clearance rates. This is more

FIGURE 2 | (A) Simulations of the time course of the plasma concentrations of NIC/COT following a 60 min 10 μg/min intravenous infusion of nicotine, per data
fromCurvall et al. (1990). The blue solid line and red dotted line represent the NIC-COT concentration in adult men, matching experimental data (solid lines with asterisks),
which the dashed lines represent plasma concentration of NIC-COT in pregnant women showing higher clearance rates; (B) Simulation of the cotinine level after 30 min
of 0.65 mg/min continine infusion, per data from De Schepper et al. (1987). The blue line represents model simulation.
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pronounced in nicotine (∼70% lower) than in cotinine (∼30%
lower) at 150 min.

After a puff of cigarette smoking, the nicotine
concentration in the brain increases rapidly (Benowitz and
Dempsey, 2004). This fast entrance phenomenon also occurs
with intravenous injection, as shown in the simulation of
Figure 3, where the nicotine concentration in the brain
reaches its maximum value within 2 min. Also shown in
Figure 3 is the higher nicotine clearance in the brain
during pregnancy, as the concentration profile of nicotine
is lower in pregnant women than non-pregnant women.

DISCUSSION

Approximately 14% of United States women continue to smoke
after becoming pregnant (Taghavi et al., 2018), and an estimated
32% of women who are M�aori (the indigenous people of
New Zealand) smoke during pregnancy (Humphrey et al.,
2016). Nicotine replacement therapy (NRT) has been used for

smoking cessation assistance during pregnancy in the forms of
nicotine gums, transdermal administration and patches
(Benowitz and Dempsey, 2004). Still, the pharmacokinetic
profiles of nicotine in individual organs of pregnant women,
in particular in fetus, remain poorly understood. Most
experiments provide measurement data from plasma or urine
samples as it is difficult to obtain tissue measurements in vivo.
This is even more the case when drug clearance in fetus needs to
be investigated, as blood samples are taken from the umbilical
vein/artery only at the time of delivery. The motivation of the
work was to develop an in silico p-PBPK model for the prediction
of nicotine and cotinine clearance, and to provide an initial
computational platform for incorporating new data and/or for
evaluating new hypotheses. Another motivation of the model was
to incorporate the simulation results into graphic animations for
educational purposes. A science-based, visual tool could aid
public health workers to explain the pharmacokinetics of
nicotine/cotinine in a more understandable manner.

The current model combines two previous PBPK models with an
updated set of nicotine and cotinine specific parameters to reflect our

FIGURE 3 | (A) Simulation of the time course of the concentration of nicotine and cotinine in the maternal brain. The nicotine enters brain quickly and reaches its
peak value within 2 min. This figure also shows the higher clearance of nicotine in pregnant women than in non-pregnant women; (B) Simulation of fetal plasma
concentration after a single nicotine injection 1 μg/kg. The simulation reproduces the clinical observation that the fetal nicotine level is higher than the maternal nicotine
level, yet the fetal cotinine level is lower than the maternal level (Lambers and Clark, 1996).
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updated knowledge of their clearance in pregnant women (Dempsey
et al., 2002; Taghavi et al., 2018). Only a subset of results are presented
in this short report due to scarcity of in vivo or in vitro data to
compare with. However, we found that the partition coefficients in
the fetal model and its clearance did not have great impacts on the
maternal model. Rather, the physiological changes over different
gestation stages could exert significant influence on the nicotine
clearance. Another important finding was that placental absorption/
clearance plays an important role in mediating the overall nicotine/
cotinine kinetics in fetus. This effect was previously simplified as a
first order diffusion effects (Gentry et al., 2003), which was not
sufficient to explain the transportation of nicotine and cotinine across
the placenta barrier. For example, to transport cotinine from the fetus
to themother, where the cotinine level is higher, a more sophisticated
model than the passive diffusion model is required.

It should be stressed that even though the current p-PBPK
model, with a non-trivial set of 32 differential equations, is still
highly simplified due to the complexity of drug disposition and
clearance in the maternal-placental-fetal compartments. For
example, the hepatic and renal clearance parameters for
nicotine are gestational age dependent, which in the current
model are fixed (corresponding to gestational week 30).
Likewise are the partition coefficients, or unbound fractions,
which may alter during different stages of gestation. Further
investigation into individual nicotine metabolism pathways via
CYPs and UGTs would require a novel model involving
nonlinear metabolism kinetic terms. Such a model should be
tested for the liver compartment at first for optimal parameters,
before applying it to a larger PBPKmodel. We refer the interested
reader to such an individual enzyme-oriented metabolism model
of acetaminophen for reference (Means and Ho, 2019).

It worth noting that the placental barrier plays an important
role in the drug transfer between maternal and fetal circulations.
While our p-PBPK model has additional influx-efflux terms for
the placenta compartment, it is not sufficient to describe the
complex transport mechanism of nicotine/cotinine in placenta.
Specifically, various transporters play a critical role in the apical
and basolateral membrane of trophoblasts, where their mediation
kinetics warrants a separate study. We refer the interested reader
for an excellent review on this topic by Dallmann et al. (2019).

In this report we only presented simulation results where nicotine
intake was via intravenous infusion, because the hour-based PK data
for verifying simulation results were available (Curvall et al., 1990)
(De Schepper et al., 1987). However, it should be noted that the most
common route for nicotine intake is via smoking, and the oral intake
e.g., by chewing nicotine gums is the most common for NRT
(Oncken et al., 1996). However, since serum cotinine data were
taken after days’ of gumuse (Oncken et al., 1996), they cannot be used
to verify hour-based PK profile simulations.

Due to the difficulty of obtaining data in humans, an extension
of the current model is to adapt it to animals, and to compare the
results with published data from animal models (Craig et al.,
2014). Still, due to the significant differences of nicotine
metabolism between different species (Hukkanen et al., 2005),
cautions must be taken to extrapolate the model between species.

Concerning application of the p-PBPK framework to other drugs,
physiological aspect of the model, i.e., blood flow/volume to individual

organs/tissues may still be applicable, or with only minor adjustments
required. However, drug-specific parameters, such as the hepatic/renal
clearance, the drug’s volume of distribution and partition coefficient,
must be re-instilled. Moreover, efforts should be made to obtain first-
hand pharmacokinetic data where the elimination kinetics are
independently informed.

Another extension of the work would be to apply the model to
population pharmacokinetics analysis. Several approaches could be
employed towards that direction. For example, a Latin Hypercube
Sampling analysis could be performed where model parameters are
perturbed around their nominal values simultaneously (Zhang et al.,
2020). By observing the statistical distribution of pharmacokinetic
profiles of NIC/COT in a population, we could determine the
influence of a parameter on system dynamics i.e., the sensitivity of
a model versus its parameters.

In summary, there are many future extension possibilities, such as
longitudinal studies, enzyme activities, hepatic/renal clearance
changes, could be incorporated into the current prototype model.
While adding these many features would be interesting, adding these
features in the model demands multidisciplinary collaborations on
data collection, physiological interpretation, and model refining.

CONCLUSION

A p-PBPK model has been developed for nicotine and cotinine
disposition and clearance. The model has reproduced some key
features of ADME in pregnant women. More data are required to
calibrate the parameters in the model.
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The regulatory framework for considering the fetal effects of new drugs is limited. This is

partially due to the fact that pediatric regulations (21 CFR subpart D) do not apply to the

fetus, and only US Health and Human Service (HHS) regulations apply to the fetus. The

HHS regulation 45 CFR Part 46 Subpart B limits research approvable by an institutional

review board to research where the risk to the fetus is minimal unless the research

holds out the prospect of a direct benefit to the fetus or the pregnant woman (45 CFR

46.204). Research that does not meet these requirements, but presents an opportunity

to understand, prevent, or alleviate a serious problem affecting the health of pregnant

women, fetuses, or neonates, may be permitted by the Secretary of the HHS after expert

panel consultation and opportunity for public review and comment (45 CFR 46.407).

If the product is regulated by the US Food and Drug Administration (FDA), FDA may

get involved in the review process. The FDA does however have a Reviewer Guidance

on Evaluating the Risks of Drug Exposure in Human Pregnancies from 2005 and this

guidance does discuss the intensity of drug exposure. Estimation of that exposure using

physiologically based pharmacokinetic (PBPK) modeling has been suggested by some

investigators. Given that drug exposure during pregnancy will impact the fetus, a number

of new guidances in the last 2 years also address inclusion of pregnant women in clinical

drug trials. Therefore, the drug-specific information on fetal pharmacology will increase

dramatically in the next decade due to interest in drugs administered in pregnancy and

with the assistance of model-informed drug development.

Keywords: drug development, fetal, regulatory, pediatrics, Food and Drug Administration, model-informed drug

development

INTRODUCTION

In his 1966 treatise on perinatal pharmacology, Sumner Yaffe stated that “The administration of a
drug to a pregnant woman presents a unique problem to the physician; not only must he consider
maternal pharmacologic mechanisms, but he must also be aware of the fetus as a potential recipient
of the drug” (1). This dilemma is still a problem today; how can we assess the effects of a drug
administered to the mother on the fetus? For 50 years after Yaffe’s publication, researchers and
regulators had few options to address this question.

A more recent review of obstetric and fetal pharmacology is available (2), and has led to
the development of Obstetric-Fetal Pharmacology Research Centers sponsored by the National
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Institutes of Health (3). Today we are presented with a unique
method of performing a pharmacologic assessment on the fetus
without the risk of direct blood sampling. This unique method
uses sophisticated modeling, which is being increasingly used
in drug development. The critical reasons for this assessment
are multiple.

While the teratogenic effects of drugs administered to the
mother on the fetus have had a central role in safety assessment
since the time of thalidomide, questions are increasingly being
ask about the long-term effects of perinatal drug exposure.
The potential for this serious consequence of perinatal drug
exposure was not lost on Sumner Yaffe 50 years ago. Yaffe
and colleagues studied the long-term effects of phenobarbital
exposure in the perinatal period on sex hormones in rats,
and found that phenobarbital perinatal exposure affected adult
rat testosterone levels (4). This research continues today as
pharmacoepidemiology studies examine these associations, such
as for the maternal use of antidepressants with autism spectrum
disorders in children (5). This type of research and its findings
are complicated by the exclusion of pregnant women from drug
development studies, and the off-label use of drugs in pregnancy
(6). Additionally, such post-marketing pharmacoepidemiologic
studies require a long time to gain such knowledge. Associations
between in-utero drug exposure and long-term outcomes may be
able to be addressed by modeling approaches.

Modeling will also assist the development of fetal therapeutics.
Knowledge gained from classical approaches of administering
medications to the mother intended to benefit the fetus, such
as in the treatment of fetal arrhythmias, in conjunction with
modeling approaches can be used to advance the science of
fetal therapeutics. The antenatal administration of drugs such
as corticosteroids to the mother at risk of preterm birth to
accelerate fetal lung maturation and prevent neonatal disorders
results in highly variable outcomes, and modeling and systems
pharmacology may be able to provide consistency to this process.
Finally gene and stem cell therapy for the fetus will depend
on a high degree of understanding of fetal pharmacology and
dosing (7).

These modeling efforts for the fetus can be facilitated by
regulatory science and regulatory approaches to requiring and
assessing the information generated during drug development.
Therefore, the objective of this presentation is to review the
ethical and guidance-related regulations and recommendations
that affect drug therapy in pregnant women and their fetuses.
These current regulations will undoubtedly influence the use of
modeling to advance the care of these women and babies.

HHS REGULATIONS ON RESEARCH IN
MOTHER, FETUS, AND NEONATE

Regulations to protect individuals in research supported or
conducted by the Department of Health and Human Services
(HHS) evolved from a series of reports released by the
National Commission for the Protection of Human Subjects
of Biomedical and Behavioral Research (8) in the 1970s. The
Belmont Report (9) or the “Ethical Principles and Guidelines

for the Protection of Human Subjects of Research,” the
most prominent document issued by National Commission,
informed regulations found under 45 CFR 46, subpart A
(10), otherwise known as the Basic Policy for Protection of
Human Research Subjects as subpart A has been adopted
by some federal agencies and is known as the Common
Rule. HHS regulations also include three other subparts that
are intended to protect specific populations that might be
involved in research, including the vulnerable populations of
prisoners (subpart C) and children (subpart D) (11). Subpart
B, the “Additional Protections for Pregnant Women, Human
Fetuses and Neonates (12), is pertinent to the topic of
this manuscript.

With the adoption of the New Common Rule in 2018,
pregnant women are no longer considered as a vulnerable
population under 45 CFR 46.111 (a) (3); nonetheless, the
considerations under 45 CFR 46.204 of subpart B (12) still apply.
Pregnant women may be included in research approvable by an
Institutional Review Board (IRB) only if:

(a) “Where scientifically appropriate, preclinical studies on
pregnant animals, and clinical studies, including studies on
non pregnant women, have been conducted and provide data
for assessing potential risks to pregnant women and fetuses;

(b) The risk to the fetus is caused solely by interventions or
procedures that hold out the prospect of direct benefit for
the woman or the fetus; or, if there is no such prospect of
benefit, the risk to the fetus is not greater than minimal and
the purpose of the research is the development of important
biomedical knowledge which cannot be obtained by any
other means;

(c) Any risk is the least possible for achieving the objectives of
the research;

(d) If the research holds out the prospect of direct benefit to
the pregnant woman, the prospect of a direct benefit both to
the pregnant woman and the fetus, or no prospect of benefit
for the woman nor the fetus when risk to the fetus is not
greater than minimal and the purpose of the research is the
development of important biomedical knowledge that cannot
be obtained by any other means, her consent is obtained in
accord with the informed consent provisions of subpart A of
this part;

(e) If the research holds out the prospect of direct benefit solely
to the fetus then the consent of the pregnant woman and
the father is obtained in accord with the informed consent
provisions of subpart A of this part, except that the father’s
consent need not be obtained if he is unable to consent because
of unavailability, incompetence, or temporary incapacity or
the pregnancy resulted from rape or incest;

(f) Each individual providing consent under paragraph (d) or
(e) of this section is fully informed regarding the reasonably
foreseeable impact of the research on the fetus or neonate;

(g) For children as defined in § 46.402 (a) who are pregnant,
assent and permission are obtained in accord with the
provisions of subpart D of this part;

(h) No inducements, monetary or otherwise, will be offered to
terminate a pregnancy;
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TABLE 1 | Summary of FDA guidances for the mother, fetus and neonate.

Guidance title Month, Year Key contents Reference

[this text]

Guidance for Industry: Pregnant Women: Scientific

and Ethical Considerations for Inclusion in Clinical

Trials

April, 2018 • General scientific and ethical considerations to encourage the

inclusion of pregnant women in clinical trials when appropriate.

• Evaluation of drugs in clinical trials for conditions to treat

medical conditions or acute illnesses that are common in

women of reproductive potential.

(14)

Reviewer Guidance: Evaluating the Risks of Drug

Exposure in Human Pregnancies

April, 2005 • Guidance to reviewers for evaluation of human fetal outcome

data generated after medical product exposure during

pregnancy.

• Critical factors to consider when evaluating the effects of drug

exposure in human pregnancies, sources of human data on

drug exposures, methods for overall assessment of

post-marketing human data and labeling.

(15)

Guidance for Industry: General Clinical

Pharmacology Considerations for Neonatal Studies

for Drugs and Biological Products

July, 2019 • Clinical pharmacology considerations specific to the newborn

and emphasizes the need for input from a multidisciplinary

team when planning for studies enrolling neonates.

(16)

Guidance for Industry: Post-approval Pregnancy

Safety Studies

May, 2019 • Recommendations on how to design investigations to assess

the outcomes of pregnancies in women exposed to drugs and

biological products.

(17)

Guidance for Industry: Nonclinical Safety Evaluation

of the Immunotoxic Potential of Drugs and Biologics

February, 2020 • Immunomodulating potential of drugs and biologicals, and

use of ICH guidances

(18)

Guidance for Industry: Safety Testing of Drug

Metabolites

March 2020 • Recommended studies for assessing the safety of metabolites

such as: general toxicity studies, genotoxicity studies,

carcinogenicity studies, and embryo-fetal development

toxicity studies.

(19)

Guidance for Industry: Pregnancy, Lactation, and

Reproductive Potential: Labeling for Human

Prescription Drug and Biological Products —

Content and Format

July, 2020 • Recommendations on complying with the Pregnancy and

Lactation Labeling Rule (PLLR) to assist with the content and

format requirements for 8.1, 8.2, and 8.3 of the USE IN

SPECIFIC POPULATIONS subsections.

(20)

(i) Individuals engaged in the research will have no part in any
decisions as to the timing, method, or procedures used to
terminate a pregnancy; and

(j) Individuals engaged in the research will have no part in
determining the viability of a neonate.”

If an IRB cannot approve the research under these provisions,
but the IRB determines that the “research presents a reasonable
opportunity to further the understanding, prevention, or
alleviation of a serious problem affecting the health or welfare
of pregnant women, fetuses or neonates,” the IRB may refer the
research to the Secretary of the HHS, who after consultation with
a panel of experts and a period for public comment, may allow
the research to proceed (13).

The FDA is not a Common Rule agency but has parallel
regulations for the basic protection of human subjects to those in
45 CFR 46, subpart A. These regulations are found under 21 CFR
parts 50 and 56. FDA also has parallel regulations for children
found under 21 CFR 50, subpart D. FDA does not have parallel
regulations to those under 45 CFR 46, subpart B, for protection
of pregnant women, human fetuses and neonates in research.
However, any FDA regulated research that is federally funded
would be subject to the requirements under 45 CFR 46 as well as
the requirements under 21 CFR parts 50 and 56. FDA considers
the requirements under 45 CFR 46, subpart B, when reviewing
research that includes pregnant women, fetuses and neonates but

FDA does not have a formal regulatory process for review of
such research.

FDA GUIDANCES FOR THE MOTHER,
FETUS AND NEONATE

Guidance for Industry: Pregnant Women:
Scientific and Ethical Considerations for
Inclusion in Clinical Trials (April, 2018)
The draft guidance [(14), see Table 1] includes general scientific
and ethical considerations to encourage the inclusion of pregnant
women in clinical trials when appropriate, noting that the
decision to do so necessitates a complex risk benefit analysis that
involves both the pregnant woman and the fetus. In addition
to studies that might be required to treat pregnancy-specific
conditions, the guidance discusses the evaluation of drugs in
clinical trials for conditions to treat medical conditions or
acute illnesses that are common in women of reproductive
potential. These drugs are often used during pregnancy without
a clear scientific understanding of the risks and benefits to
the mother or to the developing fetus (21). Women should
be included in clinical trials because (1) safe and effective
treatments are needed during pregnancy, (2) lack of data on
dosing, safety and effectiveness of drugs may compromise
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pregnant women and fetuses, (3) there may be a direct benefit
to participation that is not available outside of the research,
and (4) limited accessible treatment options for pregnant
women is a public health issue. The physiologic changes that
occur during pregnancy are unique. Drug pharmacokinetics
(PK) and pharmacodynamics (PD) may be altered during
pregnancy impacting drug absorption, distribution, metabolism,
and excretion (ADME) and consequently, impacting safety and
effectiveness (22).

As noted earlier, although FDA does not have specific
regulations that govern the participation of pregnant women in
clinical trials, the general considerations for the participation of
individuals as human subjects (23) or as unemancipated minors
(24) do apply. Research risks differ based on whether the drug
is given as part of clinical care or as a research intervention.
In the latter situation, the risk of study participation exceeds
minimal risk because of the exposure to the drug whereas
an observational study collecting data on a drug administered
as part of clinical care might be considered minimal risk
(25). A decision to expose the fetus to more than minimal
risk includes a determination that the exposure to the drug
offers a potential clinical benefit to the mother or to the
fetus (12).

FDA considers it ethically justifiable to include pregnant
women with a disease or medical condition in a post-marketing
clinical trial if there are adequate nonclinical studies to support a
clinical trial in pregnant women, there are supportive safety data
from nonpregnant women in clinical trials, or from literature
or other sources, and if efficacy cannot be extrapolated and/or
safety cannot be assessed by other means. In the premarket
setting, pregnant women may be included in clinical trials if
there are adequate nonclinical data to support study in pregnant
women and the study intervention holds out a prospect of direct
benefit to the mother or fetus, and the pregnant woman has not
responded to other treatment options or the study interventions
are not available outside of the research setting. Pregnant women
with severe disease with limited treatment options may be the
most appropriate for clinical studies. PK data should be collected
in these studies; data from phase two studies can be used to guide
dosing in phase 3. Drug exposure in the fetus/newborn can be
assessed by collection of cord blood or from the neonate at the
time of delivery, depending on drug exposure and the half-life of
the drug. Safety monitoring in any trial where pregnant women
will take part should include adequate obstetrical and perinatal
expertise in order to recognize safety concerns unique to the
pregnant woman and the fetus.

If a woman becomes pregnant during a clinical trial, un-
blinding should occur and the risk and benefits of continued
treatment with the investigational product should be reviewed. A
womanmay continue in a clinical trial and receive investigational
treatment if the benefits of treatment outweigh the risks of
continued fetal exposure vs. transition to other treatment
options. Informed consent should be obtained for continued
study participation. These situations offer an opportunity to
collect steady state PK data in the pregnant woman to inform
drug modeling and simulation (14, 26) and dosing during
pregnancy. The outcome of the pregnancy should be recorded

regardless of whether the woman continues to participate in
the study.

Reviewer Guidance: Evaluating the Risks
of Drug Exposure in Human Pregnancies
(April, 2005)
Despite the lack of information on the safety of drug use during
pregnancy, most pregnant women likely will be exposed to
drugs. Knowledge of teratogenic potential is a critical part of a
drug’s benefit/risk profile. However, pregnant women are rarely
included in clinical trials. Currently, majority of the data on
teratogenicity are derived from inadvertent pregnancy exposures
during clinical trials of new products, fetal exposure occurring
before a woman knows she is pregnant or from some women who
enter pregnancy with medical conditions that require continuing
drug therapy. Such data are usually insufficient to permit an
adequately powered statistical analysis.

The guidance on Evaluating the Risks of Drug Exposure in
Human Pregnancies developed in 2005 [(15), see Table 1] is
aimed at guiding reviewers to evaluate human fetal outcome data
generated after medical product (including drug and biological
products including vaccines) exposure during pregnancy. The
guidance describes critical factors to consider when evaluating
the effects of drug exposure in human pregnancies, sources
of human data on drug exposures, methods for overall
assessment of post-marketing human data and labeling of
such products. This guidance should be used in conjunction
with more recent guidances, such as the Reproductive and
Developmental Toxicities—Integrating Study Results to Assess
Concerns Guidance for Industry (27).

Critical factors to consider during evaluation of a product
for teratogenic potential include consideration of background
prevalence of adverse pregnancy outcomes, combined vs.
individual rates of birth defects, major vs. minor birth defects,
timing and intensity of exposure, variability of response and
class effects. Typically, a drug must cross the placenta and reach
the fetus in sufficient concentration to cause an effect. Most
teratogens have a threshold below which adverse effects do not
occur. Conversely, almost all exposures can be toxic to the fetus if
the dose is high enough, even if only indirectly through maternal
toxicity. Dosing, including frequency and duration of exposure,
is therefore an important consideration in fetal drug exposure.
This guidance does not discuss the detailed methodologies
for estimating in-utero intensity of drug exposure possibly
due to its publication at a time when physiologically based
pharmacokinetic (PBPK) modeling was still in its infancy. Recent
developments in PBPK models of pregnancy for understanding
maternal-fetal drug transfer look promising (28). However, these
models need significant refinement before they can be used
routinely in drug development to predict intensity of fetal
exposure during maternal fetal drug transfer.

Information on human gestational drug exposures will
emerge during the post-marketing phase for virtually all drug
products. Evidence from all sources, including human data
from case reports, epidemiology studies, and animal data,
should be considered collectively to determine the strength
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of the relationship between drug exposure and teratogenicity.
Data from embryo-fetal developmental toxicity studies of drug
metabolites in animals must also be considered (19).

The only data on fetal effects initially available in the product
labeling usually comes from animal reproductive toxicology
studies. As part of the Periodic Safety Update Report (PSUR)
sponsors are asked to specifically report on “positive or negative
experiences during pregnancy or lactation,” by evaluating new
human data as they become available, in the context of what
is already known about the reproductive effects of the drug,
and, if clinically relevant, communicate conclusions regarding
risk or lack of risk associated with gestational exposure in the
product labeling.

Guidance for Industry: General Clinical
Pharmacology Considerations for
Neonatal Studies for Drugs and Biological
Products (July, 2019)
The neonatal population is a highly heterogenous patient group
that has historically been understudied in clinical research. FDA-
approved product labeling is often devoid of neonatal-specific
information on drug dosing, safety and efficacy, and most drugs
administered in neonatal intensive care units (NICUs) are used
off-label. As such, when treating this vulnerable population,
health care professionals frequently must rely on professional
judgment to inform their clinical decision-making. In order
to gain the needed information on the safety and efficacy of
medications used in neonates, it is imperative to encourage
their inclusion in clinical research, as well as encourage the
development of new therapies for conditions unique to the
newborn. In response to a provision included in the FDA
Reauthorization Act (FDARA) of 2017, FDA published a draft
guidance on general clinical pharmacology considerations for
neonatal studies [(16), see Table 1]. The draft guidance discusses
clinical pharmacology considerations specific to the newborn and
emphasizes the need for input from a multidisciplinary team
when planning for studies enrolling neonates.

Similar to the International Council for Harmonization
(ICH) E11 addendum (29), this draft guidance defines the
neonatal period for the term and post-term newborn as the
day of birth plus 27 days, and for the preterm newborn
as the day of birth, through the expected date of delivery
plus 27 days. It also describes subgroup classifications for the
neonatal population [e.g., based on gestational age, postnatal age
(PNA), post-menstrual age (PMA), birth weight] and notes the
importance of considering stratification as a means for defining
more homogenous groups of neonates in a trial. Compared
to adults and older children, neonates exhibit unique ADME
characteristics. Drug ADME in the neonate can be affected by
body size, growth/maturation trajectories, underlying illness and
concomitant medications which can result in inter- and intra-
individual variability in PK measures. Evaluating products in
neonatal studies that include a wide spectrum of PMA and PNA
subgroups can help to account for this variability.

Characterization of the PK and PD of a drug can inform
rational dosing recommendations for the neonatal population if

the ontogeny of factors affecting ADME is considered (30, 31).
It is important to leverage all existing PK and PD data from
other populations (e.g., adults and other pediatric subgroups) to
help determine an initial dose for neonatal studies. Quantitative
approaches, such as modeling and simulation, can have utility
in helping to predict neonatal doses and optimize clinical
trial designs. When designing neonatal studies, sparse sampling
is a practical approach for obtaining PK data; opportunistic
and scavenged sampling can also be considered. For analysis,
a previously developed population PK model in an older
population can be redeveloped using the newly acquired neonatal
data to create a PopPK model that is applicable for neonates to
adults. In the absence of prior neonatal data for which a model is
built, sparse data can be used to confirm a neonatal PBPK model
that has been appropriately scaled to neonates or a population
PK model that has incorporated expected changes in growth and
maturation on PK parameters. Age-appropriate formulations are
required for neonatal studies and safety data should be obtained.

Guidance for Industry: Post-approval
Pregnancy Safety Studies (May, 2019)
The purpose of this draft guidance [(17), see Table 1] is to
provide recommendations on how to design investigations to
assess the outcomes of pregnancies in women exposed to drugs
and biological products. Section 505(o) (3) of the Federal Food,
Drug, and Cosmetic Act (FD&C Act) authorizes FDA to require
certain post-marketing studies or clinical trials for prescription
drugs. The goal of post-approval pregnancy safety studies is to
provide clinically relevant information about the use and safety
of the products during pregnancy, through inclusion of the
information in a product’s labeling. This guidance describes three
general approaches that can be used in the post-marketing setting
to evaluate the product safety during pregnancy:

• Pharmacovigilance—Case reports have been most useful
and influential in situations where the adverse pregnancy
outcome rarely occurs. Examples include: isotretinoin (32),
and oligohydramnios with trastuzumab (33). However,
it remains challenging to determine whether a causal
relationship exists between a product exposure and an
adverse pregnancy outcome. Therefore, observational studies
such as pregnancy registries usually are needed to provide
additional information.

• Pregnancy Registries—A pregnancy registry actively collects
information on product exposures during pregnancy and
associated pregnancy outcomes by enabling voluntary
participation of women who have been exposed to a specific
drug of interest. While it is useful to collect data on the effects
of rare exposures during pregnancy, it alone may not be
sufficient to assess the safety of products, due to challenges
of achieving sufficient enrollment. Use of complementary
studies with different study designs may help address these
limitations and provide greater confidence in the conclusions.

• Complementary Studies—Additional studies that complement
data obtained from pregnancy registries and other sources can
be implemented to better understand the specific effects of a
product during pregnancy, and to more precisely quantify the
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magnitude of an association between a pregnancy exposure
and a specific outcome.

Guidance for Industry: Nonclinical Safety
Evaluation of the Immunotoxic Potential of
Drugs and Biologics (February, 2020)
This draft guidance [(18), see Table 1] deals with the
immunomodulating potential of drugs and biologicals, and
makes extensive use of ICH guidances such as:

• S8 Immunotoxicity Studies for Human Pharmaceuticals
(April 2006)

• M3(R2) Nonclinical Safety Studies for the Conduct of
Human Clinical Trials and Marketing Authorization for
Pharmaceuticals (January 2010)

• S6(R1) Preclinical Safety Evaluation of Biotechnology-Derived
Pharmaceuticals (May 2012)

• S5(R3) Detection of Toxicity to Reproduction for Human
Pharmaceuticals (November 2017)

Since the immune system is a very complex and highly regulated
network, the assessment of the potential toxicity of a new drug or
biologic agent is difficult to characterize. This guidance stresses
the “weight-of-evidence” approach for general immunotoxicity
assessments, as discussed in ICH S8.

Immune suppression or stimulation could potentially produce
deleterious effects on the mother and fetus. Immunostimulation
is a particular concern, in view of the previous experience with
cytokine release due to the monoclonal antibody TGN 1412 (34).
There are now in vitro assays that can assess this risk, and the
expectation is that these cytokine release and immune activations
assays will be conducted to establish the effective concentration
(EC) values such as EC20, EC50 and EC80. Additional studies of
antibody-mediated immune stimulation, autoimmune reactions,
or effects on innate immunity may be necessary.

In some cases, more extensive testing with developmental
animal studies may be warranted. These studies may be necessary
in situations where the drug product has been shown to elicit
immunotoxicity in nonclinical studies with adult animals; the
drug or drug class is known to directly affect the immune; or
there is reasonable evidence that the mechanism of action or the
pharmacology of the drug product could affect the developing
immune system. If an evaluation of existing nonclinical toxicity
studies indicates the potential for enhanced toxicity in pediatric
patients, juvenile animal studies should be considered for
products being developed in some therapeutic indications.

Guidance for Industry: Safety Testing of
Drug Metabolites (March 2020)
Drug metabolites may need to be determined in nonclinical
studies when there are disproportionate drug metabolites, that
is, metabolites identified only in humans or present at higher
plasma concentrations in humans than in any of the animal
species used during standard nonclinical toxicology testing. It
is not standard practice for drug metabolites to be evaluated
separately in a cross-species safety assessment. As a result,
their specific contribution to the overall toxicity of the parent

drug has often remained unknown. Technological advances,
however, have greatly improved the analytical abilities to
detect, identify, and characterize metabolites and may allow
a better understanding of the role metabolites play in drug
safety assessment. This guidance [(19), see Table 1] describes
recommended studies for assessing the safety of metabolites such
as: general toxicity studies, genotoxicity studies, carcinogenicity
studies, and embryo-fetal development toxicity studies. It
notes that embryo-fetal development toxicity studies with the
drug metabolite are required when a drug is intended for
use in a population that includes women of childbearing
potential, and that the FDA may ask for other reproductive
toxicity studies on a case-by-case basis, depending on these
study results.

Guidance for Industry: Pregnancy,
Lactation, and Reproductive Potential:
Labeling for Human Prescription Drug and
Biological Products — Content and Format
(July, 2020)
On December 4, 2014, the FDA published the final rule “Content
and Format of Labeling for Human Prescription Drug and
Biological Products; Requirements for Pregnancy and Lactation
Labeling,” referred to as the pregnancy and lactation labeling
rule (PLLR). This draft guidance [(20), see Table 1] provides
recommendations on complying with the PLLR to assist with
the content and format requirements for the 8.1 Pregnancy, 8.2
Lactation, and 8.3 Females and Males of Reproductive Potential
of the USE IN SPECIFIC POPULATIONS subsections.

• 8.1 Pregnancy—This subsection contains information on
what is known about the drug’s effect on pregnancy,
including labor and/or delivery, and the availability of
a pregnancy exposure registry. The information about
Clinical Considerations for this subsection can include:
Disease-Associated Maternal and/or Embryo/Fetal Risk;
Dose Adjustments During Pregnancy and the Postpartum
Period; Maternal Adverse Reactions; Fetal/Neonatal Adverse
Reactions; and Labor/Delivery.

• 8.2 Lactation—This subsection contains information about
clinical considerations such as minimizing exposure and
monitoring for adverse reactions. Some other areas of
information that can belong in this subsection include the
presence of the drug in human milk and effects of the drug
on the breastfed child.

• 8.3 Females and Males of Reproductive Potential—This
subsection provides information on pregnancy testing,
contraception, and infertility. In information on infertility,
a cross-reference to the carcinogenesis, mutagenesis,
impairment of fertility subsection of the Nonclinical
Toxicology section, can be made. Even when the data from
the animal studies do not raise concern with respect to
human fertility and/or loss effects, such information should
be described in the Carcinogenesis, Mutagenesis, Impairment
of Fertility subsection.
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FIGURE 1 | Regulatory application of model informed drug development.

USE OF MODELING IN REGULATORY
SUBMISSIONS

The use of quantitative models that leverage our understanding
of physiology, disease processes, and pharmacology are
routinely applied to inform drug development. Model-informed
drug development (MIDD) was formally recognized as an
important application for drug development and included in
the Prescription Drug User Fee Act (PDUFA) reauthorization
performance goals and procedures for 2018 through 2022
(PDUFA VI) (35). The regulatory application of MIDD is
broadly classified into four categories: dose optimization,
supportive evidence for efficacy, clinical trial design, and safety,
all of which inform policy (Figure 1) (36).

Given that there is a finite number of dosing regimens
that can be formally evaluated in clinical efficacy trials, dosing
regimen optimization can often be informed by modeling
and simulation strategies [e.g., through nonlinear mixed effect
population PK and exposure-response (ER) analyses]. MIDD is
also useful in dose optimization of subgroups where therapeutic
dose individualization is needed e.g., pediatrics, pregnancy, or
extremes of body weight. In such conditions, model based
analyses such as PBPK models and population PK models can
be used to derive dosing regimens for these specific subgroups
with the goal of matching the safe and effective exposure
achieved in the reference patient group under the proposed
dosing regimen that was studied in the efficacy and safety
trials. This strategy relies on the assumption that the ER
relationships for both efficacy and safety are similar between
the reference group and the specific subgroups. MIDD is also
useful to address complex questions regarding efficacy of drugs
based on established exposure (dose)-response relationships.

It allows for improving clinical trial efficiency during early
phases of drug development through modeling and simualtion
to determine dose selection, patient selection, trial duration
and trial design. In its April 17, 2018 Federal Register Notice,
FDA announced a MIDD meeting pilot program to facilitate
the development and application of exposure-based, biological,
and statistical models derived from preclinical and clinical data
sources. The MIDD pilot program is designed to provide a
process for drug developers and FDA to discuss the application
of MIDD approaches, including PBPK modeling and simulation,
to a specific drug development program (37). The goals of
including MIDD in PDUFA VI are reducing uncertainty and
attrition in drug development, providing a regulatory pathway
forward for practically challenging drug development contexts,
and informing appropriate use of a drug once approved.

A PBPK approach enables integration of physiologic,
chemical, and drug-dependent preclinical and clinical data to
model an investigational drug’s ADME to generate initial PK
parameters and leverage their use in subsequent simulation of
untested clinical scenarios (38, 39). Currently, most applications
of PBPK in regulatory decision making are limited to drug–
drug interactions and initial clinical trial design. Active research
is being conducted to further explore the utility of PBPK
modeling in other areas to potentially expand the scope
of PBPK applications (40). Pediatric PBPK models have
generated attention in the last decade, because physiological
parameters for model building are increasingly available
and regulatory guidelines require pediatric studies during
drug development.

The use of modeling and simulation to optimize design of
“first-in-pediatric” PK, safety and efficacy clinical studies has
increased. PBPK models have the potential to replace or inform
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clinical studies in children (40). Currently, the main intended
application of a pediatric PBPK model is to propose an initial
dosing recommendation for clinical trials at the investigational
new drug (IND) application stage. PBPK/PD modeling may also
provide a quantitative assessment of assumptions supporting
pediatric extrapolation and pediatric trial design (41). Some
researchers have suggested that for children younger than 2 years
of age, the PBPK approach for predicting PK may be preferred
over an allometric scaling approach in cases where ontogeny is
an important determinant of drug’s ADME (42, 43).

Recent studies have demonstrated the potential utility
of PBPK for assessing fetal concentrations from maternal
concentrations (44, 45). These PBPK assessments can be
extended to assessing neonatal blood concentrations from drugs
administered to mothers, which also serves as verification of the
fetal model (46).

In summary, quantitative models may help provide insight on
safety and efficacy to inform innovation, policy, and ultimately
benefit the patient. Despite advances made in MIDD, leveraging
data that are generated from all stages of drug development
into appropriatemodeling and simulation techniques that inform
decisions remains challenging, especially in special populations.
Additional discussions regarding the application of quantitative
modeling approaches to drug development decisions, such as
through the MIDD pilot program, may be crucial for both the
sponsor(s) and regulatory review teams. As the use of MIDD
by regulators and industry expands, standards and best practices
must be developed to establish when and where MIDD can be
applied, and what methods are appropriate in disparate settings.

CONCLUSIONS

The need for maternal and fetal studies has now been established,
and regulatory approaches are catching up quickly. Ethical
considerations and FDA guidances have now established the
need to include pregnant women in drug development studies
when appropriate, and these studies will allow an assessment
of the drug therapy in fetuses using modeling. PBPK modeling
for the prediction of fetal drug concentrations is being explored
in preliminary studies, and this approach is expected to
mature quickly.

Science always should drive regulatory approaches. The
additional needs to advance the science of fetal pharmacology
are obvious and were clearly stated by Sumner Yaffe 55
years go: “Hopefully, the descriptive phase of research will
be supplanted by a more sophisticated molecular approach.
Only in this way will drug administration during the perinatal
period truly represent optimal therapeusis instead of dogmatic
posology, and contributions to a better understanding of
developmental physiology be made” (1). Modeling will help
fetal pharmacology to quickly move into the mainstream of
drug development for the benefit of pregnant women and
their fetuses.
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Pregnancy-induced changes in plasma pharmacokinetics of many antiretrovirals (ARV)
are well-established. Current knowledge about the extent of ARV exposure in lymphoid
tissues of pregnant women and within the fetal compartment is limited due to their
inaccessibility. Subtherapeutic ARV concentrations in HIV reservoirs like lymphoid
tissues during pregnancy may constitute a barrier to adequate virological suppression
and increase the risk of mother-to-child transmission (MTCT). The present study
describes the pharmacokinetics of three ARVs (efavirenz, dolutegravir, and rilpivirine) in
lymphoid tissues and fetal plasma during pregnancy using materno-fetal physiologically-
based pharmacokinetic models (m-f-PBPK). Lymphatic and fetal compartments were
integrated into our previously validated adult PBPK model. Physiological and drug
disposition processes were described using ordinary differential equations. For each
drug, virtual pregnant women (n = 50 per simulation) received the standard dose
during the third trimester. Essential pharmacokinetic parameters, including Cmax, Cmin,
and AUC (0–24), were computed from the concentration-time data at steady state
for lymph and fetal plasma. Models were qualified by comparison of predictions with
published clinical data, the acceptance threshold being an absolute average fold-error
(AAFE) within 2.0. AAFE for all model predictions was within 1.08–1.99 for all three
drugs. Maternal lymph concentration 24 h after dose exceeded the reported minimum
effective concentration (MEC) for efavirenz (11,514 vs. 800 ng/ml) and rilpivirine (118.8
vs. 50 ng/ml), but was substantially lower for dolutegravir (16.96 vs. 300 ng/ml). In
addition, predicted maternal lymph-to-plasma AUC ratios vary considerably (6.431—
efavirenz, 0.016—dolutegravir, 1.717—rilpivirine). Furthermore, fetal plasma-to-maternal
plasma AUC ratios were 0.59 for efavirenz, 0.78 for dolutegravir, and 0.57 for rilpivirine.
Compared with rilpivirine (0 h), longer dose forgiveness was observed for dolutegravir in
fetal plasma (42 h), and for efavirenz in maternal lymph (12 h). The predicted low lymphoid
tissue penetration of dolutegravir appears to be significantly offset by its extended
dose forgiveness and adequate fetal compartment exposure. Hence, it is unlikely to
be a predictor of maternal virological failure or MTCT risks. Predictions from our m-f-
PBPK models align with recommendations of no dose adjustment despite moderate
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changes in exposure during pregnancy for these drugs. This is an important new
application of PBPK modeling to evaluate the adequacy of drug exposure in otherwise
inaccessible compartments.

Keywords: pregnancy, antiretroviral, lymph, pharmacokinetics, PBPK, fetus, adherence

INTRODUCTION

Pregnancy-induced physiological changes reduce plasma
concentrations of antiretrovirals (ARV), especially in the third
trimester (1–4). Mother-to-child transmission (MTCT) of HIV
is reduced significantly at the standard dose of current ARVs
in use (1, 4–7). Cases of perinatal transmission, although not
common, and vaginal shedding of HIV RNA among pregnant
women with undetectable or low plasma HIV RNA suggest that
declining MTCT may not be attributed to low plasma HIV RNA
viral load alone (8–10).

The use of ARVs suppresses plasma HIV RNA levels below
the limit of detection (11). However, rapid viral rebound
in non-adhering patients suggests that replication-competent
viruses persist in HIV reservoirs during treatment (12, 13).
Suboptimal adherence may therefore cause a viral rebound
in pregnant women, which can increase the risk of mother-
to-child transmission (MTCT) (14–16). The lymphoid tissues
constitute the largest HIV reservoir sites because they are the
primary sites for viral replication, and therefore contain a high
proportion of viral genetic components and free virions (15,
17, 18). Furthermore, persistent isolates of HIV particles in
lymph nodes of patients on active ART also suggest that the
virus may be capable of evading lethal ARV concentrations in
maternal plasma. This has constituted a major barrier in HIV
eradication (12, 19–22). Penetration of ARVs into the lymphatic
tissues is crucial for prevention of viral replication, rebound, drug
resistance and MTCT (23).

Quantification of drug distribution into the lymphatic system
of living persons has not been studied due to the challenges with
sample collection. Macaque mass spectrometry imaging, human
lymph node mononuclear cells, and human primary lymphoid
endothelial cells are methods that have been reported so far in
the literature for drug quantification in lymphoid tissues (24–
26). Ethical considerations around sample collection and safety
concerns limit fetal pharmacokinetics studies before delivery
(27). These gaps may be filled through physiologically-based
pharmacokinetic (PBPK) modeling and simulation.

Materno-fetal PBPK (m-f-PBPK) modeling strategy has
advanced from simple models to using highly representative
models that include gestational-age dependent changes in
maternal and fetal anatomy and physiology (27–30). M-f-PBPK
models have been used to reliably estimate fetal concentrations
of emtricitabine, tenofovir, nevirapine, darunavir, efavirenz, and
thalidomide (28–30). These predictions sometimes rely on a
number of assumptions based on data derived from in vitro
or animal models in the absence of relevant clinical pregnancy
data. However, a robust mechanistic workflow on PBPK
models starting from simple non-pregnant models validated
with available clinical data to more complex materno-fetal

models, often builds confidence in the data output from such
models. Applications of such models to HIV tissue reservoirs
could support the development of molecules with optimal
characteristics for enhanced distribution in HIV eradication
studies. There is currently no published description of ARV
distribution into lymphoid tissues during pregnancy.

In the current work, we describe the extension of our previous
m-f PBPK model (28) to describe the penetration of efavirenz,
dolutegravir and rilpivirine into the lymph and fetal plasma
during pregnancy.

METHOD

Model Structure and Parameterisation
The present model is an extension of a previously described
materno-fetal PBPK model composed of integrated whole-
body maternal model and multi-compartmental fetal model
(Supplementary Figure 1) (28). The model was implemented in
Simbiology R© (v. 9.5, MATLAB R© 2018b, Mathworks Inc., Natick,
Massachusetts, USA) and extended to include the lymphatic
circulation (Figure 1). Organ weights in thematernal model were
predicted anthropometrically using the population physiology
model described by Bosgra et al. (31). The compartments

FIGURE 1 | PBPK Model development workflow adopted.
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TABLE 1 | Drug-specific parameters for efavirenz, dolutegravir, and rilpivirine used in building the lymph-PBPK model.

Parameters Description Efavirenz (34) Dolutegravir (34) Rilpivirine (34)

MW (g) Molecular weight 316 419 366

Log Pow Octanol-water partition coefficient 4.60 2.20 4.32

pKa Dissociation constant 10.2 8.3 3.26

R Blood-to-Plasma ratio 0.74 0.535 0.67

PSA (Å2) Polar Surface Area 38.33 – –

HBD Hydrogen Bond Donor 1 – –

fu Fraction unbound 0.015 0.007 0.003

Vd (L/kg) Volume of distribution 3.6 – –

Peff (10−6 cm/s) Effective permeability (Caco-2) 2.5 – 12.0

ClintCYP2A6 (µL/min/pmol) CYP2A6 Intrinsic Hepatic clearance 0.08 – –

ClintCYP2B6 (µL/min/pmol) CYP2B6 Intrinsic Hepatic clearance 0.55 – –

ClintCYP1A2 (µL/min/pmol) CYP1A2 Intrinsic Hepatic clearance 0.07 – –

ClintCYP3A4 (µL/min/pmol) CYP3A4 Intrinsic Hepatic clearance 0.007 3.0 2.04

ClintCYP3A5 (µL/min/pmol) CYP3A5 Intrinsic Hepatic clearance 0.03 – –

ClintUGT1A1 (µL/min/pmol) UGT1A1 Intrinsic Hepatic clearance – 3.2 –

d Particle size (Mean ± SD) 2.35 ± 0.48µm (35) 5.7µm (36) 200 nm (37)

Plasma MEC (µg/mL) Minimum Effective Concentration 8E-1 (38) 3.0E-1 (39) 5.0E-2 (40)

In-vitro adjusted PBIC (µg/mL) Protein Binding Inhibitory Concentration 1.26E-1 6.40E-2 2.03E-2

Water Solubility (mg/mL) Water solubility at 25◦C 0.093 0.095 0.094

TABLE 2 | Lymph flow draining various tissues in the human body (44).

Tissues Lymph flow (% CO) Fraction of extracellular water

Adipose 12.8 0.141

Bone 0.00 0.098

Brain 1.05 0.092

Gut 12.0 0.267

Heart 1.00 0.313

Kidney 8.50 0.283

Liver 33.0 0.165

Lung 3.00 0.348

Muscle 16.0 0.091

Pancreas 0.30 0.120

Skin 7.30 0.623

Spleen 0.00 0.208

Subcutaneous 0.04 0.623

CO, Cardiac output.

represented in the fetal model included the placenta, the amniotic
fluid, fetal kidney, fetal liver, and fetal brain. Other organs were
lumped together and represented by a single compartment as
previously described (32). The structure of the fetal circulatory
system was based on a published description (33) and organ
blood flows were modeled using equations described by Zhang
et al. (32).

Efavirenz, dolutegravir, and rilpivirine were selected for this
study because they are approved for use in pregnancy and there
is sufficient clinical data available on the pharmacokinetics of
these drugs in pregnancy. Values of parameters representing

the physicochemical properties of the study drugs (efavirenz,
dolutegravir, and rilpivirine) such as octanol-water partition
coefficient, acid dissociation constant and blood-to-plasma ratio,
as well as their intrinsic hepatic clearances were obtained
from literature (Table 1). Maternal and fetal anatomical and
physiological adaptations to pregnancy were accounted for
by the use of gestational-age dependent parameters where
relevant (41). In some cases where necessary parameter values
were not reported, published graph-plots of changes in the
parameters: the placental thickness (18), rates of blood flow
through the foramen ovale and ductus arteriosus (42), over
the course of pregnancy were digitized (Plotdigitizer R© version
2.6.6, Free Software Foundation, Boston, MA, USA). The data
points obtained were used to generate equations of best-fit
which were subsequently inputted into the model as previously
described (28). Sensitivity analyses was conducted to observe
the extent in which uncertainty in placental diffusion constant
propagated into the fetal plasma predictions in the model
(Supplementary Figure 2).

Modeling the Lymphatic Circulation
The lymph node draining each organ was collected into a
central lymph node compartment. The lymph returns back
to the venous circulation at 1.7% rate of cardiac output to
maintain body fluid balance (33, 43). The lymph flow and
volume of extracellular water for each organ represented in
the model is presented in Table 2 (44). Small drug molecules
disintegrating from formulation matrix were assumed to be
equilibrated between plasma and interstitial fluid (45). Themodel
assumed transfer of drug from interstitial fluid into the lymphatic
circulation by diffusion due to low transporter expression in
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the lymph nodes (16). The diffusion process was described by
adapting Fick’s diffusion equation (46) as shown below:

Qlymph, drug =
kdrug × TSAlymph × fu ×

(

Cint − Clym

)

LT
(1)

where kdrug is the diffusion coefficient of the drug, TSAlymph is
the total surface area of initial lymphatics, fu is the fraction of
unbound drug,

(

Cint − Clym

)

is the drug concentration gradient
across interstitial-lymph barrier, and LT is the wall thickness of
initial lymphatics.

The diffusion coefficient of each drug, kdrug , was calculated
based on the Stokes-Einstein equation (47), as shown below:

kdrug =
RT

6π × Na × rdrug × η
(2)

where RT is the product of gas constant and body temperature
at 37◦C = 2.5 × 105 Ncm/mol, Na is the Avogadro’s constant =
6.022× 1023 /mol, rdrug is radius of drug, and η is the viscosity of

water= 1.17× 10−9 Nmin/cm2.
Lymph is collected by diffusion through the initial lymphatics

in various organs. The shape of initial lymphatics was modeled
to be a cone with a closed smaller end because it has a blinded
(closed) end with a small diameter, which increases along the
lymphatic vessels up to the pre-collecting lymphatic vessels (47,
48). The formula for the surface area of a cone was used to
represent the surface area of a lymphatic vessels, SAlymph, as
shown in the equation below:

SAlymph = πril

(

ril +

√

lil
2 + ril2

)

(3)

where ril and lil are the radius and length of the initial lymphatic
vessel, respectively. The mean (±standard deviation) diameter
and length of the closed end of an initial lymphatics had earlier
been determined to be 30.8 ± 9.5µm and 834 ± 796µm,
respectively (48). The suggested number of lymph nodes in the
body is 500–600 (43), it was therefore assumed that the total
surface area of initial lymphatic vessels, TSAlymph, is 500 times the
surface area of an initial lymphatic vessel. The wall thickness of
initial lymphatics has been reported to be in the range of 50–100
nm (47).

Absorption, distribution, metabolism and elimination were
modeled as previously described for the base model (28).
Previously undescribed model equations are presented in
Supplementary Table 1 for reference.

Model Verification and Model Simulation
Model predictions for key system parameters, including organ
weights and blood flow, were compared with published reference
values (41, 49–51). Published clinical pharmacokinetic studies
on efavirenz, dolutegravir, and rilpivirine during pregnancy
were searched through PubMed using combinations of drug
name, pharmacokinetics, fetal exposure, infant washout, and
pregnancy as keywords. In each case, the predicted steady-
state pharmacokinetic parameters computed from simulated

concentration-time data were compared with published data.
Importantly, to ensure that the introduction of the lymphatic
model into our previously published materno-fetal model
does not affect key predictions, the model was revalidated
for key system parameters relevant to drug disposition, and
pharmacokinetic parameters in virtual populations of non-
pregnant adults and pregnant women. To facilitate validation
against clinical pharmacokinetic data from non-pregnant
adult populations, non-pregnant equivalent of relevant model
parameters and equations describing key processes were created.
This allowed for easy activation/deactivation of model equations
for the pregnant population while running simulation for the
non-pregnant population. An absolute average fold error of
<2.0 in predictions when compared with clinical data was set as
acceptance threshold for model verification.

Verified models were used to predict the lymph and
fetal concentration-time profiles of efavirenz, dolutegravir and
rilpivirine following 100% adherence to therapy. Each simulation
consisted of a virtual population of 50 females, non-pregnant
or pregnant. Study drugs were administered orally at standard
doses, 600mg for efavirenz, 50mg for dolutegravir, and 25mg
for rilpivirine. Concentration-time data were collected at steady
state over a 24 h dosing period at 30min and then hourly.
Infant washout delivery was modeled by dose cessation in the
maternal PBPK submodel. The extent of exposure to study
drug was calculated as the ratio of AUC in compartments
of interest within the same time interval. Non-adherence was
modeled by dose cessation at steady state. Dose forgiveness was
estimated in lymph and fetal compartment as the time it takes for
drug concentration to decrease below the published minimum
effective concentration (MEC) after the last dosing interval for
each drug: 800 for efavirenz, 300 for rilpivirine and 50 ng/ml for
dolutegravir (52–54).

Essential pharmacokinetic parameters, including Cmax,
Cmin, and AUC (0–24) at steady state, for both maternal lymph
and fetal compartments were computed from the corresponding
concentration-time data. Dose input was stopped at delivery,
and infant plasma exposure was predicted by measuring drug
concentration 2–10 h post dose.

RESULT

Model Validation
The predicted plasma pharmacokinetic parameters in the non-
pregnant adult model were within 1.19–1.80 average fold
difference of clinically observed data (Table 3). Predicted plasma
concentration-time curves were superimposed on clinically
observed plasma concentration-time profiles (Figure 2) of
each drug to visually assess predictive performance of the
model. There is lack of clinical data to validate the lymph
pharmacokinetics predictions.Maternal plasma pharmacokinetic
predictions of the m-f-PBPK model developed were validated
with clinically observed pharmacokinetics data in third trimester,
and were within 1.13–1.76 average fold difference of clinically
observed data (Table 4). The predicted concentration-time
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TABLE 3 | Median Plasma and Lymph pharmacokinetic parameters for efavirenz, dolutegravir, and rilpivirine in non-pregnant adult.

Plasma Lymph Lymph-to-plasma ratio

Predicted Observed AAFE Predicted Observed Predicted Reported*

Efavirenz 600 mg

AUCcss,0−24/∞ (nghr/mL) 57,763 56,630 (55), 67,200 (56) 1.46, 1.48 408,184 – 7.07 0.86–7.14 (16, 24)

Cmax,css (ng/mL) 3,950 3,659 (55), 3,660 (56) 1.36, 1.36 22,497 –

C24,css (ng/mL) 1,315 1,557 (55), 1,820 (56) 1.70, 1.80 11,285 –

Dolutegravir 50 mg

AUCcss,0−24/∞ (nghr/mL) 46,114 47,137 (57), 50,300 (58) 1.24, 1.26 765.7 − 0.017 0.082 (24)

Cmax,css (ng/mL) 2,924 3,250 (57), 2,650 (58) 1.18, 1.19 46.3 −

C24,css (ng/mL) 992.0 950.0 (57), 750.0 (58) 1.46, 1.55 17.4 −

Rilpivirine 25 mg

AUCcss,0−24/∞ (nghr/mL) 2,981 2,526 (59), 2,582 (60) 1.46, 1.45 4,653 − 1.57 >1 (24, 37)

Cmax,css (ng/mL) 152 173 (59) 175 (60) 1.36, 1.37 225 –

C24,css (ng/mL) 97.2 91.0 (59), 92.0 (60) 1.57, 1.57 161 –

AAFE, Absolute Average Fold Error.
*Lymph-to-plasma ratios in vitro, ex vivo, and animal studies.

FIGURE 2 | Median (IQR) Predicted vs. Observed plasma concentration-time profile following standard dose of (A) 600mg efavirenz, (B) 50mg dolutegravir, and (C)

25mg rilpivirine in non-pregnant adults.

profiles were comparable with clinically observed maternal
plasma concentration-time profiles in third trimester (Figure 3).

Obtaining fetal plasma pharmacokinetic parameters for many
drugs during clinical studies remains a challenge, but some
clinical data on concentration of efavirenz and dolutegravir in
non-breastfed infants shortly after delivery (2–10 h) are available
(2, 63). However, the time of delivery was not reported in
any of these studies. Thus, a delivery time of 12:00 after the
last maternal dose was assumed in the model. The model-
predicted infant plasma concentration 2–10 h post-delivery was
similar to the reported infant concentration for efavirenz and

dolutegravir within the same period. The model-predicted infant
median concentration for rilpivirine 2–10 h post-delivery was
44.59 ng/mL.

The result of the sensitivity analysis showed that placental
diffusion constant is a significant parameter that affect
movement of drugs studied into the fetal compartment
(Supplementary Figure 2). Also, possible influence of the lymph
component on accuracy of prediction in the full m-f-PBPK
model was evaluated. The median maternal and fetal plasma
AUC (0–24) for efavirenz (58,120 vs. 51,984 ng.h/ml; and
34,404 vs. 30,864 ng.h/ml) in the full m-f-PBPK model was
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TABLE 4 | Pharmacokinetic parameters of efavirenz, dolutegravir, and rilpivirine in third trimester of pregnancy and infant washout after delivery.

Maternal plasma (3rd trimester) Infant washout after delivery

Predicted Observed AAFE Predicted Observed AAFE

Efavirenz 600 mg

AUCcss,0−24/∞ (ng.h/mL) 58,120 42,943 (61), 55,400 (62), 60,020 (63) 1.57, 1.47, 1.46 C2−10h 1,016 1,100 (63) 1.08

Cmax,css (ng/mL) 3,270 3,331 (61), 5,440 (62), 5,130 (63) 1.33, 1.76, 1.68

C24,css (ng/mL) 1,724 1,002 (61), 1,600 (62), 1,480 (63) 1.99, 1.66, 1.68

Dolutegravir 50 mg

AUCcss,0−24/∞ (ng.h/mL) 41,166 40,800 (64)§, 49,119 (2), 35,322 (65) 1.18, 1.24, 1.24 C2−10h 907.4 1,730 (2) 1.91

Cmax,css (ng/mL) 2,899 3,150 (64), 3,137 (2), 2,534 (65) 1.13, 1.13, 1.18

C24,css (ng/mL) 1,035 1,000 (64), 921.5 (2), 642 (65) 1.28, 1.30, 1.68

Rilpivirine 25 mg

AUCcss,0−24/∞ (nghr/mL) 2,205 1,684 (65), 1,762 (3)§, 1,710 (66)§ 1.46, 1.43, 1.45 C2−10h 44.59 – –

Cmax,css (ng/mL) 121.8 108 (65), 123 (3), 110 (66) 1.29, 1.26, 1.28

C24,css (ng/mL) 66.9 56 (65), 53 (3), 50 (66) 1.55, 1.58, 1.61

AAFE, Absolute Average Fold Error. All values are reported in median; §Mean values.

FIGURE 3 | Median (IQR) Predicted vs. Observed plasma concentration-time profile following standard dose of (A) 600mg efavirenz, (B) 50mg dolutegravir, and (C)

25mg rilpivirine in third trimester.

similar to predictions in the m-f-PBPK model without lymphatic
component (data not shown).

Model Predictions
Simulation was run for 50 virtual patients with mean ± SD
age and gestational age of 29 ± 12 years and 39 ± 2.25
weeks, respectively. Each virtual patient was administered a
single dose of 600mg of efavirenz, 50mg of dolutegravir, or
25mg of rilpivirine. Concentration-time data was collected after
reaching steady state. The validated model was employed to
predict the maternal lymph and fetal plasma pharmacokinetics
of 600mg, 50mg and 25mg daily dose of efavirenz, dolutegravir,

and rilpivirine, respectively (Figure 4). The maternal lymph-
to-plasma and fetal-to-maternal plasma AUC ratios of 0.592,
0.781, and 0.573 were obtained for efavirenz, dolutegravir and
rilpivirine, respectively (Table 5). Efavirenz was predicted to
accumulate in maternal lymph by over 6-folds and rilpivirine
accumulated by <2-folds. Poor lymph penetration was predicted
for dolutegravir with only 1.6% of plasma dolutegravir entering
the lymph. Predictions of fetal plasma concentrations of
efavirenz, dolutegravir, and rilpivirine were 59.2, 78.1, and 57.3%
of maternal plasma concentrations, respectively.

Dose forgiveness of 600mg efavirenz, 50mg dolutegravir, and
25mg rilpivirine were determined in order to estimate the time
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FIGURE 4 | Median (IQR) Predicted maternal plasma and lymph; and fetal plasma concentration-time profile following standard dose of 600mg efavirenz, 50mg
dolutegravir, and 25mg rilpivirine in third trimester. Dotted line represent the reported minimum effective concentration (MEC) for each drug at the standard dose.

it takes for the drug concentration to persist above the MEC
in the maternal lymph and fetal plasma after dose cessation
in third trimester. Model-predicted efavirenz and rilpivirine
maternal lymph concentration remained above MEC for 150 and
56 h, respectively, but dolutegravir concentration was persistently
below the MEC. In fetal plasma however, dolutegravir and
efavirenz were above MEC for 36 and 66 h, respectively, but
rilpivirine concentration persisted below the MEC (Table 6).

DISCUSSION

Our extended m-f-PBPK model which incorporated lymphatic
circulation into an existing whole-body pregnancy model
was successfully used to predict maternal lymph and fetal
plasma pharmacokinetics of the ARVs efavirenz, dolutegravir,
and rilpivirine. Model predictions for maternal plasma
pharmacokinetics during the third trimester and infant
delivery drug exposures were within 1.08–1.99 average fold
difference of clinical data. Predicted maternal lymph-to-plasma
AUC ratio was highest for efavirenz at 6.4, followed by rilpivirine
at 1.7 and lowest for dolutegravir at 0.016. Model-predicted

fetal plasma-to-maternal plasma AUC ratios were 0.59 for
efavirenz, 0.78 for dolutegravir, and 0.57 for rilpivirine. The
median predicted lymph concentration at 24 h after dose was
above the published MEC for efavirenz and rilpivirine only.
The predicted low lymphoid tissue penetration of dolutegravir
appears to be significantly counterbalanced by its extended dose
forgiveness (42 h compared with 12 h for efavirenz and 0 h for
rilpivirine) and adequate fetal compartment exposure. Hence,
it is unlikely to be a predictor of maternal virological failure or
mother-to-child transmission risks.

Although ART suppresses plasma viraemia below the limit of
detection, persistence of latent but replication-competent HIV in
sanctuary tissues during active treatment constitutes a challenge
in HIV cure research (38). Despite lymphoid tissues having the
highest proportion of latent HIV (14, 15), no comprehensive
assessment of lymph pharmacokinetics of ARVs in humans
(pregnant and non-pregnant) is available due to the invasiveness
of the conventional lymph node aspiration technique. Although,
a number of studies have used in-vitro, ex-vivo, and in vivo
animals models to determine lymphatic exposure of efavirenz,
dolutegravir, and rilpivirine (16, 24, 67), such models are known
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TABLE 5 | Predicted median (IQR) maternal plasma and lymph in third trimester; and fetal plasma pharmacokinetic parameters of efavirenz, dolutegravir and rilpivirine.

Pharmacokinetic parameters

AUC (ng.h/mL) Cmax (ng/mL) C24 (ng/mL)

Efavirenz 600mg (n = 50)

Maternal Plasma 58,120 (41,149–78,030) 3,270 (2,478–4,035) 1,724 (1,132–2,547)

Maternal Lymph 373,790 (264,477–502,688) 19,470 (14,560–24,579) 11,514 (7,666–16,852)

Lymph-to-plasma AUCratio 6.431

Fetal Plasma 34,404 (24,236–46,364) 1,689 (1,235–2,170) 1,123 (758.4–1,630)

Fetal-to-plasma ratio 0.5919

Dolutegravir 50mg (n = 50)

Maternal Plasma 41,166 (36,660–48,827) 2,899 (2,707–3,259) 1,035 (865.3–1,313)

Maternal Lymph 643.7 (571.7–759.9) 39.26 (35.74–44.01) 16.96 (14.29–21.49)

Lymph-to-plasma ratio 0.0156

Fetal Plasma 32,152 (28,905–38,541) 1,742 (1,620–2,007) 927.4 (784.7–1,170)

Fetal-to-plasma ratio 0.781

Rilpivirine 25mg (n = 50)

Maternal Plasma 22,05 (1,649–2,674) 121.8 (96.71–141.4) 66.91 (45.01–85.67)

Maternal Lymph 3,788 (2,841–4,592) 195.1 (151.8–227.8) 118.8 (81.43–151.4)

Lymph-to-plasma ratio 1.717

Fetal Plasma 1,263 (888.5–1,591) 61.66 (45.46–76.0) 41.26 (26.83–54.11)

Fetal-to-plasma ratio 0.573

TABLE 6 | Predicted maternal lymph and fetal plasma dose forgiveness of 600mg efavirenz, 50mg dolutegravir and 25mg rilpivirine during third trimester.

n = 50 Efavirenz Dolutegravir Rilpivirine

Maternal Lymph

Duration of action (h) 150 0 56

Dosing interval (h) 24 24 24

Forgiveness (h) 126 0 32

Forgiveness index 5.25 0 1.33

Fetal Plasma

Duration of action (h) 36 66 0

Dosing interval (h) 24 24 24

Forgiveness (h) 12 42 0

Forgiveness index 0.5 1.75 0

to be inadequate representations of what is expected in humans.
It is known that suboptimal adherence to ART may lead to
subtherapeutic drug levels in the systemic circulation, stimulating
latent HIV in lymphoid tissues to resume active replication,
thereby causing viral rebound (19). Detectable viral load is a
known risk factor for MTCT and optimal adherence during
pregnancy remains critical.

Administration of ARVs during pregnancy has several
benefits, notably PMTCT which may be partly due to fetal
prophylactic pre-exposure to ARVs. Past studies have relied
on umbilical cord blood concentration at delivery to measure
the extent of fetal exposure of ARVs. This method has
limitations such as single time-point measurement and sample-
time variation relative tomaternal dosing. In this study, the infant
plasma concentration prediction was validated with efavirenz
and dolutegravir clinical data for infant washout in non-
breastfed babies 2–10 h post-delivery. Post-delivery scenarios
were simulated by stopping maternal dosing at term, and then
estimating median fetal concentration after 2–10 h. The results

were within the acceptable 2-fold difference for efavirenz and
dolutegravir. The validated model was applied to rilpivirine and
its fetal plasma concentration-time profile was also predicted
successfully. The predicted fetal-to-maternal plasma ratio of
efavirenz, dolutegravir, and rilpivirine were 0.591, 0.781 and
0.573, respectively. The predicted median fetal concentration at
24 h was higher than MEC for efavirenz (1,123 vs. 800 ng/mL)
and dolutegravir (927.4 vs. 300 ng/mL), but lower for rilpivirine
(41.26 vs. 50 ng/mL). Differential concentrations of efavirenz,
dolutegravir and rilpivirine in maternal lymph and fetal plasma
is, to a certain extent, as a result of differences in their
physicochemical properties such as plasma protein binding,
log P, molecular weight, and pKa (68–70). For instance, high
pKa, log P and hydrophobicity of efavirenz were identified to
be responsible for high penetration of efavirenz into human
lymphoid endothelial cells compared to dolutegravir (24).

Our present study predicted Ctrough of 992 ng/mL and AUC of
46,114 ng/mL for dolutegravir in non-pregnant women, these are
similar to predictions by Freriksen et al. (71), and Liu et al. (72)
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respectively, and are within 1.5-fold error to clinically observed
data of the drug. This further indicated a strong reliability in
the non-pregnant model and the confidence to extend it to
incorporate the pregnancy model. Furthermore, the maternal
dolutegravir PK parameters during pregnancy predicted by the
model employed in this present study were similar to those
predicted by Liu et al. (72). Additionally, the predicted fetal
exposure to dolutegravir in the present study was comparable to
that reported by Freriksen et al. (71). Although, fetal-to-maternal
AUC plasma exposure ratio was predicted in our study, it was
assumed to be similar to and within the range of the cord blood-
to-maternal blood concentration ratios predicted in their study
and observed clinical data. Likewise, the Cmax and the Cmin of
the maternal plasma concentration predicted by our model was
lower and higher, respectively, in comparison to their reported
values (71). Further studies are still suggested to establish this
assumption of similarity.

Dose forgiveness was used to estimate how long it would take
for drug concentration in maternal lymph and fetal plasma to
reduce belowMEC in non-adhering pregnant mothers. Efavirenz
and rilpivirine lymph concentrations remained above MEC for
126 and 32 h, respectively; efavirenz may therefore offer a longer
protection in lymph against latent HIV in non-adhering pregnant
women. While this may be an advantage, the ability of wild-
type HIV to develop resistance to efavirenz monotherapy is of
concern (67). Therefore, further investigation is required to know
the extent of lymph exposure of tenofovir and emtricitabine
which are commonly used in combination with efavirenz. In
fetal plasma, efavirenz and dolutegravir concentration remained
above MEC for 12 and 42 h, respectively. These results showed
that efavirenz and rilpivirine may offer adequate protection
against viral rebound from the maternal lymph nodes, but in
rare situations where the virus enters the systemic circulation,
efavirenz and dolutegravir may offer adequate fetal pre-exposure
prophylaxis. Longer dose forgiveness of dolutegravir in fetal
plasma offers sustained pre-exposure prophylaxis to fetus in
pregnant women with suboptimal adherence. These results do
not reflect the enzyme induction or inhibition effect of other
drugs used as combination therapy. Therefore, interpretation of
these results may be limited clinically.

Although, the current model reliably predicted lymphatic and
fetal exposure to efavirenz, dolutegravir, and rilpivirine during
the third trimester, a number of limitations are identifiable.
Firstly, our model did not account for the possible role of
transporter activities in placental drug transfer due to lack of
sufficient data for model parameterization. The use of data
from cell lines expressing relevant transporters such the BeWo
monolayer are possible options to mechanistically describe
these processes. Unfortunately, these data are not currently
available in the literature and thus the option of relying only

on passive processes for our predictions. Additionally, such

models do not adequately recapitulate these processes in humans.
The inclusion of drug transporters and associated variability
in their expression can potentially improve the accuracy of
model predictions, particularly for drugs that are substrates for
these transporters. Secondly, due to lack of data we relied on
key assumptions supported by sensitivity analyses for placental
diffusion constants of study drugs. Model predictions were
fitted to clinically observed infant plasma concentration at
delivery. While this resulted in adequate predictions of infant
exposure of the study drugs at delivery, further enhancement
is desirable in future studies. Thirdly, there was no previous
study to validate rilpivirine infant washout data. The validated
model with available clinical data on infant washout for
efavirenz and dolutegravir was extended to predict for rilpivirine.
Furthermore, there are no clinical data available in humans to
validate the predictions of the lymphatic model. Although lymph
exposure data are available from ex-vivo, in-vitro, and animal
studies, we could not rely on them to assess the predictive
performance of the lymphatic model due to well-established
inter-species variation.

In conclusion, predictions from our extended m-f-PBPK
model showed differences in the distribution of efavirenz,
rilpivirine, and dolutegravir into the lymph during pregnancy
and the fetal compartment. Importantly, the inclusion
of dose forgiveness predictions indicate alignment with
recommendations of no dose adjustment despite moderate
changes in exposure during pregnancy observed in clinical
studies. This is an important new application of PBPK modeling
strategy to evaluate the adequacy of drug exposure in an
otherwise inaccessible compartment.
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Biomonitoring studies have highlighted the exposure of pregnant women to pyrethroids

based on the measurement of their metabolites in urine. Pyrethroids can cross the

placental barrier and be distributed in the fetus as some pyrethroids were also measured

in the meconium of newborns. Prenatal exposure to pyrethroids is suspected to alter the

neurodevelopment of children, and animal studies have shown that early life exposure

to permethrin, one of the most commonly used pyrethroid in household applications,

can alter the brain development. This study aimed to characterize the fetal permethrin

exposure throughout gestation in rats. We developed a pregnancy physiologically based

pharmacokinetic (pPBPK) model that describes the maternal and fetal kinetics of the

cis- and trans- isomers of permethrin during the whole gestation period. Pregnant

Sprague–Dawley rats were exposed daily to permethrin (50 mg/kg) by oral route from

the start of gestation to day 20. Permethrin isomers were quantified in the feces, kidney,

mammary gland, fat, and placenta in dams and in both maternal and fetal blood, brain,

and liver. Cis- and trans-permethrin were quantified in fetal blood and tissues, with higher

concentrations for the cis-isomer. The pPBPK model was fitted to the toxicokinetic

maternal and fetal data in a Bayesian framework. Several parameters were adjusted,

such as hepatic clearances, partition coefficients, and intestinal absorption. Our work

allowed to estimate the prenatal exposure to permethrin in rats, especially in the fetal

brain, and to quantitatively estimate the placental transfer. These transfers could be

extrapolated to humans and be incorporated in a human pPBPK model to estimate the

fetal exposure to permethrin from biomonitoring data.
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INTRODUCTION

Pyrethroids are the most commonly used group of insecticides
with a wide range of applications in agricultural, commercial,
industrial, and residential settings. They are also used in
veterinary and human medicine and for public health vector
control (1). Given their broad spectrum of applications and
the restriction of other classes of insecticides, their use has
increased over the years, exposing a large population worldwide
(2, 3). In humans, pyrethroids are rapidly metabolized in the
gastro-intestinal tract and the liver and excreted as metabolites
in urine (4). Permethrin metabolism involved hydrolysis by
carboxylesterases and oxidation by cytochrome P450 enzymes.
The exposure of human populations to pyrethroids is often based
on the measurement of five urinary biomarkers: cis- and trans-
3-(2,2-dichlorovinyl)-2,2-dimethyl-(1-cyclopropane) carboxylic
acid, 4-fluoro-3-phenoxybenzoic acid, 3-(2,2-dibromovinyl)-2,2-
dimethyl cyclopropane carboxylic acid, and 3-phenoxybenzoic
acid (3-PBA). Biomonitoring studies in pregnant women have
shown a widespread exposure to pyrethroids in many countries
(5–11), which increased with the use of domestic insecticides
(12). Pyrethroids can cross the placenta and have been measured
in cord blood at delivery (7, 13, 14) and in themeconium (15–17).

According to the Developmental Origin of Health and Disease
hypothesis, exposure to environmental toxicants during fetal
development and childhood can contribute to the development
of chronic diseases, including neurodevelopmental disorders
in later stages of life (18). The nervous system is particularly
vulnerable during the critical window of prenatal development
due to high cellular plasticity and the differentiation of neurons
or glial cells at this stage (19). Fetal exposure to pyrethroids
during this critical period of brain development is of concern and
could impact child neurodevelopment (20). Associations between
prenatal exposure to pyrethroids and child neurobehavioral
disorders have been investigated in limited studies (21–28). A
positive association between pyrethroid pesticides and autism
spectrum disorder, attention deficit hyperactivity disorder, or
neurocognitive development has only been observed in a few
studies (21, 26, 27). However, human exposure was based on
the assessment of urinary metabolites, which can be common
to several pyrethroids (29) and may not reflect the internal
effective dose of the fetus in target tissues during critical
time windows.

Among pyrethroids, permethrin [3-phenoxybenzyl

(1RS, 3RS;1RS, 3SR)-cis, trans-3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate] is one of the most frequently

used pyrethroids (30, 31). Permethrin is composed of a mixture

of cis- and trans-isomers. Experimental studies in rodents
have shown that prenatal exposure to permethrin can alter
neurodevelopment and cognitive abilities (32–36). To better
understand the exposure dose–response relationship, it is critical
to determine the concentration of the active compound in the
brain, the target tissue. Physiologically based pharmacokinetic
(PBPK) models can be used to simulate internal dosimetry from
an external dose and can support the extrapolations between
species based on the physiological and biochemical differences
(37). PBPK models for permethrin have been developed in rats

(38–40) and humans at different life stages (30, 38, 40–43) but
did not cover prenatal life.

In this paper, we present the development of a pregnancy
pPBPKmodel in rats to predict the kinetic of permethrin isomers
in fetal tissues and their capacity to reach the developing brain.
The proposed model is an extension of our previous PBPKmodel
for permethrin in adult rats (38). An experimental toxicokinetic
study was performed in pregnant rats after single and repeated
dose administrations until the end of gestation. The measured
concentrations in blood and several organs and tissues were used
to calibrate the gestation PBPK model in a Bayesian framework.

MATERIALS AND METHODS

Toxicokinetic Studies in Rats
Chemicals
Cis-permethrin and trans-permethrin were obtained from Dr.
Ehrenstorfer (Augsburg, Germany). The internal standards,
13C6-cis-permethrin and 13C6−trans-permethrin, were
purchased from Cambridge Isotope Laboratories (Andover,
MA, USA).

For the toxicokinetic studies, permethrin in powder form
(99% purity, 40 and 60% of cis and trans-isomers, respectively)
was also purchased from Dr. Ehrenstorfer. Corn oil was acquired
from Sigma-Aldrich (St. Quentin Fallavier, France).

Animals and Experimental Design
Our experimental protocol was approved by a regional ethics
committee on experiments using animals (CREMEAP no. 96)
and the French Ministry of Research with the permit number
01812.01. Sprague–Dawley female rats were housed with adult
males overnight (Janvier Labs, Le Genest Saint Isle, France) after
a minimum of 5 days of acclimatization. Mating was confirmed
by a microscopic analysis of vaginal smears on the following
morning. The day when a positive vaginal smear was observed
was considered as day 0 of gestation. The female rats weighed
277± 27 g [mean body weight (BW)± standard deviation (SD)]
at day 0. Each pregnant rat was housed in a cage with a 12-h
light/12-h dark cycle. Temperature and relative humidity were
maintained at 22± 2◦C and 55± 15%, respectively. The animals
were provided with food (Altromin rodent diet for growing
animals, Genestril, Royaucourt, France) and tap water ad libitum.
The pregnant rats were dosed orally daily by gavage with 50
mg/kg permethrin dissolved in corn oil (2 ml/kg) from the first
day of gestation until the day of sacrifice at gestational day (GD)
1, GD15, or GD20. GD15 and GD20 were selected to characterize
the kinetic profile in rats during the last week of pregnancy
as the placental and conceptus weights increase exponentially
during this period. Groups of four animals were sacrificed at 1,
2, 3, 4, 6, 10, and 24 h post-dose by an overdose intra-peritoneal
injection of pentobarbital at each gestational day. The dose of 50
mg/kg (40:60 cis/trans), corresponding to 20 and 30 mg/kg of the
cis- and trans-isomer, respectively, was similar to the 25 mg/kg
dose used by Willemin et al. (38) in the same strain of rat. The
mean body weights at GD15 and GD20 were 356 ± 24 and 422
± 28 g, respectively, and the mean number of fetuses per litter
was 13.5± 2.
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Sample Collection and Chemical Analyses
At each time point, blood, whole brain, kidneys, liver, mammary
glands, and abdominal fat were collected. For blood, formic
acid (1%) was added v/v to blood to inhibit the metabolism
of permethrin by carboxylesterases. At GD1 and GD15, the
pregnant rats were kept in individual metabolic cages for 24 h
to collect the feces. The placentas were collected at GD15 and
GD20. Fetal blood, liver, and brain were collected at GD20. The
placenta and fetal samples were pooled by litter to provide an
adequate sample size for analysis. All samples were stored at
−80◦C until analysis.

Extraction and analyses were performed by liquid
chromatography–tandem mass spectrometry (LC-MS/MS)
according to the analytical method developed by our team (44).
Briefly, samples of 500mg were used except for mammary gland,
fat, and feces, where a sample of 50mg was used. For blood, an
aliquot of 1.5ml was used. The samples were transferred in vials
and spiked with 13C6-trans-permethrin as surrogate standard.
Extraction was performed by liquid–liquid extraction using
acetone/hexane (2:8, vol/vol) with three consecutive extractions.
The combined organic phases were evaporated to dryness under
nitrogen before reconstitution for LC-MS/MS analysis. For fat,
mammary gland, and feces, an additional purification step was
performed using a blend of Sepra ZT-WAX and Na2SO4. All
dried extracts were then reconstituted in 500 µL of acetonitrile
and transferred to autosampler vials with the addition of
13C6-cis-permethrin as the internal standard. The analysis was
conducted with an Acquity UPLC R© H-Class (Waters) coupled to
a triple quadrupole mass spectrometer Xevo TQ-S (Waters) with
a HSS T3 column (1.8µm; 100 | 2.1mm, Waters). The limits of
quantification (LOQs) for cis-permethrin were 4 ng/g in placenta
and feces, 20 ng/g in the liver, brain, fat, and mammary gland,
40 ng/g in the kidneys, and 26 ng/ml in blood. The LOQs for
trans-permethrin were 20 ng/g in the brain and placenta, 40 ng/g
in feces, 80 ng/g in the liver, kidney, fat, and mammary gland,
and 52 ng/ml in blood.

Model Development
Model Structure
The adult male rat PBPK model for permethrin, as published
by Willemin et al. (38), was extended to include gestation. The
gestational PBPK model includes a maternal sub-model and
a fetal sub-model that are linked via the placenta (Figure 1).
The maternal sub-model includes the same 10 compartments
as the adult male model by Willemin et al. (38) (blood, brain,
liver, muscle, kidney, fat, stomach, intestinal lumen, and slowly
perfused and rapidly perfused tissues) except that the testes
compartment was removed and the mammary gland was added
as a compartment. All the model equations can be found in the
former paper. The fetal sub-model includes four compartments:
blood, liver, brain, and a lumped compartment for the rest of the
body. All fetuses from a single litter were modeled as one large
fetal model.

In pregnant rats, oral absorption was modeled using a two-
compartment model with the stomach and gastro-intestinal tract
and a single constant of absorption (KaI) located in the GI
tract. Distribution in compartments was assumed to be limited

FIGURE 1 | Physiologically based pharmacokinetic model of cis- and

trans-permethrin in pregnant rats and fetuses.

by diffusion in the brain, muscle, fat, kidney, slowly perfused
tissues, and mammary tissues because of the lipophilicity of
permethrin and of the experimental observations in animals. For
the intestines, liver, rapidly perfused tissue, and placenta, the
distribution was blood flow-limited. Similar to the adult model,
permethrin is metabolized in blood and liver and excreted in
feces. Fetal exposure was through the placenta with transfers
described as bi-directional between the placenta and the fetal
blood. Placental transfer was modeled as a diffusion process with
a first-order rate constant (Ktrans1 andKtrans2), and the amount
of cis- or trans-permethrin in the placenta (APla) was given by:

d(APla)

dt
= QPla ×

(

CArt −
CPla

PCPla

)

− Ktrans1×
CPla

PCPla

+Ktrans2× CArt,F

where QPla is the blood flow to the placenta, CArt and
CPla are the maternal arterial and placental concentrations,
PCPla is the placenta/blood partition coefficient, and CArt,F

is the arterial concentration in the fetus. The distribution in
fetal compartments was assumed to be flow-limited, with the
exception of the brain. Fetal metabolism was assumed to be
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TABLE 1 | Physiological parameters of the maternal and fetal physiologically based pharmacokinetic models for cis- and trans-permethrin.

Parameters Value Source

Pregnant rats

Body weight (BW, kg) 0.277–0.422a This study

Cardiac output index (QCI, L/h/kg) 24.56–21.6a Dowell and Kauer (45)

Tissue volumes (fraction of initial BW, unitless)

Blood (VBlood ) 0.06 Brown et al. (46)

GI tract (VGI ) 0.027 Brown et al. (46)

Liver (VLiv ) 0.0351 This study

Muscle (VMusc) 0.404 Brown et al. (46)

Brain (VBrain ) 0.0073 Brown et al. (46)

Kidney (VKid ) 0.0076 Brown et al. (46)

Non-perfused (VNP) 0.05 Brown et al. (46)

Rapidly perfused (VRP ) 0.046 Brown et al. (46)

Slowly perfused (VSP) 1—all organs, non-perfused

Tissue volume (changing during gestation, L)

Mammary gland (VMam) 0.0024–0.013a Hanwell and Linzell (47); Rosso et al. (48)

Fat (VFat) 0.017–0.024a Brown et al. (46); Naismith et al. (49)

Placenta (VPla) 0–0.167a Clewell (50); O’Flaherty et al. (51); Yoon et al.

(52)

Blood flows (fraction of initial cardiac output, unitless)

Liver (total) (QLivout) 0.174 Brown et al. (46)

Portal (GI tract) (QGI) 0.151 Brown et al. (46)

Arterial (GI tract) (QLiv) 0.024 Brown et al. (46)

Muscle (QMusc) 0.278 Brown et al. (46)

Brain (QBrain ) 0.02 Brown et al. (46)

Kidney (QKid) 0.141 Brown et al. (46)

Slowly perfused (QRp) 0.063 Brown et al. (46)

Blood flow (changing during gestation, L/h)

Mammary gland (QMam) 0.012–0.064a Hanwell and Linzell (47)

Fat (QFat) 0.21–0.29a Clewell (50); O’Flaherty et al. (51); Yoon et al.

(52)

Placenta (QPla) 0–1.42a Clewell (50); O’Flaherty et al. (51); Yoon et al.

(52)

Rapidly perfused (QRp ) Difference between cardiac output and the sum

of the other tissue blood flows

Blood volume (fraction of tissue, unitless)

Brain (BVBrain ) 0.03 Brown et al. (46)

Muscle (BVMusc) 0.04 Tornero-Velez et al. (40)

Kidney (BVKid) 0.16 Brown et al. (46)

Fat (BVFat) 0.02 Tornero-Velez et al. (40)

Mammary glands (BVMam) 0.02 Assimilated to fat

Fetuses

Body weight for individual fetus (V1Fet, kg) 0–0.0068a Sikov and Thomas (53)

Cardiac output index (QCI1F, L/h/kg) 22.8 Girard et al. (54); Yoon et al. (52)

Tissue volumes (fraction of BW)

Blood (VBlood_1F ) 0.0676 Brown et al. (46)

Tissue volume (changing during fetal growth, L)

Brain (VBrain_1F) 0–0.0034 Sikov and Thomas (53)

Liver (VLiv_1F) 0–0.0044 Sikov and Thomas (53)

Rest of the body (VRB_1F) BW—sum of other tissue volumes

Tissue blood flow (fraction of cardiac output)

Brain (QBrain_1F) 0.1055 Carter and Gu (55); Yoon et al. (52)

(Continued)
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TABLE 1 | Continued

Parameters Value Source

Liver (QLiv_1F) 0.061 Itskovitz et al. (56); Yoon et al. (52)

Rest of the body (QRB_1F ) Cardiac output—sum of other tissue blood flows

Blood volume (fraction of tissue)

Brain (BVBrain_1F ) 0.03 Set to adult value from Willemin et al. (38)

Rest of the body (BVRB_1F ) 0.05 Set to adult value from Willemin et al. (38)

aRange during the gestation period.

negligible. The model structure is identical for both isomers. The
model code is provided in the Supplementary Material.

Model Parameterization

Physiological Parameters
The physiological parameters (cardiac output, blood
flow, and tissue volume) for the pregnant dam and the
fetus are summarized in Table 1 and were obtained
from the literature or measured in this study. The
model accounted for the gestation-induced changes in
maternal tissue volumes and fetal growth during the
whole gestation period. The equations used for the growth
of maternal and fetal tissues and also the changes in
blood flows occurring during gestation can be found in
Supplementary Table S1.

Chemical Specific Parameters
Chemical specific parameters for pregnant dams and fetuses
were estimated using the measured concentrations in our
toxicokinetic study, with the exception of the rate constants
for absorption and for blood and intestinal metabolism.
The parameters were estimated simultaneously in a Bayesian
calibration framework using our experimental data. Separate
calibrations were performed with data generated at GD1
or at GD15/GD20 after repeated daily administration. In a
Bayesian approach, all parameters are considered as random
variables. A prior distribution was defined for each parameter
based on the knowledge on the values of the parameter.
In conjunction with a likelihood function of the data, a
posterior distribution was determined by random sampling
methods (57).

For absorption, two metabolic rate constants are considered
in the model: the intestinal absorption rate constant (KaI) and
the stomach–intestine transfer rate constant (KsI). As it was not
possible to estimate both parameters based on our experimental
data, the KaI values of the adult model of Willemin et al.
(38) were used. Only the KsI values were estimated as KsI

is considered as a sensitive parameter according to previous
PBPK models published for pyrethroids (58). For metabolic
clearances, as the liver is the main site of metabolism (59), only
metabolic rate constants for permethrin isomers in the liver were
estimated. Blood and intestinal rate constant values were set to
the optimized values of the adult model of Willemin et al. (38).

A truncated normal distribution was assigned to the
parameters for which values were reported in previous PBPK
models for permethrin in adult rats (38, 40). The mean values
of the prior distribution were taken from the PBPK model of
Willemin et al. (38), with the exception of the liver clearance
for which the values of the PBPK model of Tornero et al. (40)
were used. For all other parameters, a uniform distribution
was applied. The coefficients of variation were set to 50% for
all parameters. The prior distributions of all parameters are
reported in Table 2. The likelihood of the data was assumed
to follow a lognormal distribution with 15% of error. The
posterior distributions were estimated by Markov Chain Monte
Carlo simulations using MCSim (ver.5.6.6) software. Three
independent Markov chains of 10,000 iterations were run, and
one in two of the last 4,000 iterations were recorded to check
the convergence using the potential scale reduction factor R̂. An
acceptable convergence was considered as reached when the R̂
value was 1.2 or less (60).

Sensitivity Analyses
A global sensitivity analysis (GSA) using the Sobol method was
conducted on the PBPKmodel to identify the compound-specific
parameters that have the most impact on the internal maternal
and fetal exposures of permethrin (cis-isomer) following the
same exposure scenario of the in vivo experiments. Three model
outputs were selected: the arterial concentrations of the mother
and the fetus and the concentration in the fetal brain. Truncated
normal distributions were assigned to the specific compound
parameters, with a mean estimated mean value (Table 2) and
a coefficient of variation of 30%. The SA was run at three
time points at GD15 and GD20 (4, 6, and 12 h after the oral
administration). The SA results are presented as two indices:
the first order index, which is the variance contribution of one
parameter to the total model variance, and the total order index,
which is the result of the main effect of the parameter and of its
interactions with the other parameters.

RESULTS

Toxicokinetic Profiles in Pregnant Rats and
Fetuses
In pregnant rats, cis-permethrin was quantified in blood, feces,
and all tissues after a single administration at GD1 and
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TABLE 2 | Distribution of the chemical specific parameters of the model for permethrin isomers in pregnant rats and fetuses.

Parameters Prior distribution Posterior distribution

cis-Permethrin trans-Permethrin cis-Permethrin trans-Permethrin

Pregnant dam

Partition coefficients

Liver: blood (PCLiv) 0.89 ± 0.445 (10−3-20) (10−3-20) GD1 2.33 (2.14–2.61) –

GD15/20 1.48 (1.37–1.61) 1.36 (1.19–1.61)

GI: blood (PCGI) Equal to PCKid Equal to PCKid – – –

Fat: blood (PCFat) 225 ± 112.5 (5–900) 76 ± 38 (5–900) GD1 345 (195–592) 60.5 (28.9–154)

GD15/20 545 (414–744) 165 (119–234)

Mammary gland: blood (PCMam) 225 ± 112.5 (5–900) 76 ± 38 (5–900) GD1 212 (65.8–487) 5.09 (5–5.52)

GD15/20 436 (312–654) 46.7 (42.9–52.1)

Muscle: blood (PCMusc) Fixed to 1.2 Fixed to 0.82 – – –

Brain: blood (PCBrain) 1.60 ± 0.80 (10−3-20) 0.57 ± 0.285 (10−3-20) GD1 2.67 (2.37–3.12) 0.72 (0.39–1.34)

GD15/20 1.15 (1.08–1.26) 0.64 (0.58–0.73)

Kidney: blood (PCKid) 1.10 ± 0.55 (10−3-20) Fixed to 0.21 GD1 5.61 (5.09–6.30) –

GD15/20 3.00 (2.78–3.32) –

Placenta: blood (PCPla) (10−3-20) (10−3-20) GD15/20 3.52 (3.14–4.03) 3.00 (2.67–3.47)

Slowly perfused: blood (PCSp) 19 ± 9.50 (10−3-20) 8.4 ± 4.20 (10−3-20) GD1 14.7 (5.5–20.0) 9.5 (3.2–18.8)

GD15/20 4.55 (3.42–6.21) 1.55 (0.35–12.8)

Rapidly perfused: blood (PCRp) Fixed to 1.1 Fixed to 0.21 – – –

Permeability coefficients (L/h)

Brain (PSBrain ) 1.0. ± 0.5.10−3 (10−5-1) 1.2. ± 0.6.10−3 (10−5-1) GD1 5.6.10−3(5.2–6.3.10−3) 1.6.10−3(1.1–2.6.10−3)

GD15/20 3.5.10−3(3.1–4.1.10−3) 2.2.10−3(1.8–2.8.10−3)

Kidney (PSKid) (10−5-1) (10−5-1) GD1 1.3.10−2(1–2.10−2) 1.3.10−2(1–2.10−2)

GD15/20 0.24 (0.14–0.3) 0.24 (0.14–0.3)

Fat (PSFat) 4.8 ± 2.4.10−2 (10−5-1) 0.11 ± 0.055 (10−5-1) GD1 0.10 (0.09–0.11) 0.07 (0.06–0.09)

GD15/20 4.5.10−2(4–5.4.10−2) 9.2.10−3(8.3–10.6.10−3)

Mammary gland (PSMam) (10−5-1) (10−5-1) GD1 0.252 (0.23–0.283) 0.522 (0.443–0.631)

GD15/20 0.125 (0.112-0.147) 0.253 (0.172–0.368)

Muscle (PSMusc) Fixed to 0.32 Fixed to 0.48 – – –

Slowly perfused (PSSp) 0.31 ± 0.055 (10−5-1) 0.065 ± 0.032 (10−5-1) GD1 0.20 (0.02–0.55) 0.07 (0.02–0.15)

GD15/20 0.79 (0.58–0.99) 0.11 (0.03–0.19)

Rate constant (h−1)

Stomach–intestine transfer (Ksi) 0.35 ± 0.175 (0–2) 0.20 ± 0.10 (0–2) GD1 0.15 (0.14–0.16) 0.058 (0.043-0.071)

GD15/20 0.18 (0.17–0.19) 0.084 (0.075–0.096)

Intestinal absorption (Kai) Fixed to 0.52 Fixed to 1.30 – – –

Fecal excretion (KFec) 0.39 ± 0.195 (0–2) 0.85 ± 0.42 (0–2) GD1 0.07 (0.06–0.10) 0.09 (0.07–0.12)

GD15/20 0.020 (0.018–0.024) 0.033 (0.028–0.040)

Metabolic clearance (L/h/kg)

Intestinal metabolism (CLGI) Fixed to 0.04 Fixed to 0.3 – – –

Blood metabolism (CLBlood) Fixed to 0.07 Fixed to 0.29 – – –

Liver metabolism (CLLiv) 6.20 ± 3.10 (1–15) 24.30 ± 12.15 (1–50) GD1 8.44 (7.92–9.10) 19.4 (15.7–23.6)

GD15/20 2.40 (2.3–2.6) 20.5 (19.3–22.2)

Placental transfer (L/h/kg 0.75)

Dam to fetus (scKtrans1 ) (0–6) (0–6) 1.91 (1.39–2.65) 1.91 (1.39–2.65)

Fetus to dam (scKtrans2) (0–6) (0–6) 2.52 (1.85–3.22) 2.52 (1.85–3.22)

Fetuses

Partition coefficients

Liver: blood (PCLiv_F) (10−3-20) (10−3-20) 5.41 (4.97–6.11) 5.41 (4.97–6.11)

Brain: blood (PCBrain_F) (10−3-20) (10−3-20) 2.01 (1.84–2.24) 2.01 (1.84–2.24)

Rest of the body: blood (PCRB_F) (10−3-900) (10−3-900) 57.20 (45–75.5) 57.20 (45–75.5)

Permeability coefficients (L/h)

Brain (PSBrain_F) (10−5-1) (10−5-1) 7.9.10−3(5.9–14.2.10−3) 7.9.10−3 (5.9–14.2.10−3)

Posterior distributions are represented by mean (value in bold) with the 2.5th and 97.5th percentiles.
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FIGURE 2 | Measured concentrations (squares) and toxicokinetic profiles estimated with the physiologically based pharmacokinetic model (solid line) of

cis-permethrin in pregnant rats at GD1, GD15, and GD20. The gray dotted line stands for the limit of quantification.
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FIGURE 3 | Measured concentrations (dots) and toxicokinetic profiles estimated with the physiologically based pharmacokinetic model (solid line) of trans-permethrin

in pregnant rats at GD1, GD15, and GD20. The gray dotted line stands for the limit of quantification.

Frontiers in Pediatrics | www.frontiersin.org 8 September 2021 | Volume 9 | Article 73038347

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Personne et al. Pemethrin pPBPK Model in Rats

repeated administrations until GD15 and GD20. Because trans-
permethrin is eliminated more rapidly from the body than
cis-permethrin, trans-permethrin was not quantified in several
samples. Quantification was performed at the three time points
studied (GD1, GD15, and GD20) in fat, mammary gland, and
feces and only performed at GD15 and GD20 in blood, brain,
and liver. Trans-permethrin was not quantified in the kidneys.

For the samples where compounds were detected but below
the LOQ, the concentration was set to LOQ/2. The kinetic
profiles of cis- and trans-permethrin in blood and tissues at
GD1, GD15, and GD20 in pregnant rats are presented in
Figures 2, 3, respectively. Cis-permethrin was quantified in
placenta, fetal blood, fetal liver, and fetal brain, whereas trans-
permethrin could only be quantified in placenta and fetal

FIGURE 4 | Measured concentrations of cis-permethrin (squares) and trans-permethrin (dots) and toxicokinetic profiles estimated with the physiologically based

pharmacokinetic model (solid lines) in the placenta (A) and fetal tissues (B). Mean values ± SD for n = 4 at each time point except for the point marked with an

asterisk (n = 1). The gray dotted line stands for the limit of quantification.
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TABLE 3 | Maximum time concentration (Tmax, h)/half-lives (T1/2, h) of cis- and trans-permethrin in the blood and tissues of pregnant rats at GD1, GD15, and GD20.

cis-Permethrin trans-Permethrin

GD1 GD15 GD20 GD1 GD15 GD20

Tmax T1/2 Tmax T1/2 Tmax T1/2 Tmax T1/2 Tmax T1/2 Tmax T1/2

Blood 6 3.7 4 2.6 6 3.6 – – 4 3.2 4 –a

Liver 4 5.7 6 3.4 6 3.7 – – 3 –a – –

Brain 10 7.9 10 4.2 10 6.3 – – 4 5.4 2 –a

Kidney 6 6.5 4 6.7 6 –a – – – – – –

Fat 24 –a 1 –a 2 –a 10 –a 3 –a 3 –a

Mammary gland 24 –a 4 –a 10 –a 1 –a 4 –a 1 –a

Placenta na na 6 3.2 6 4.5 na na 6 –a 6 –a

–a, no half-life was computed due to insufficient data in the elimination phase.

na, not applicable.

–, no compound was quantified.

TABLE 4 | Area under the curve (µg h/ml or µg h/g) of the observed concentrations (AUCobs) and the estimated concentrations (AUCest) for cis-permethrin in the blood

and tissues of pregnant rats.

GD1 GD15 GD20

AUCobs AUCest AUCobs AUCest AUCobs AUCest

Blood 1.26 1.60 6.71 7.72 7.52 6.53

Liver 6.20 4.72 21.22 11.79 15.79 10.75

Brain 4.80 3.88 10.28 8.07 7.05 6.86

Kidney 12.89 9.45 20.34 21.59 – 18.26

Fat 43.97 37.18 1,247.08 1,171.88 1,260.18 1,357.83

Mammary gland 21.23 22.06 606.71 690.07 856.41 840.45

Placenta na na 23.92 12.80 17.67 16.13

–, no data available.

na, not applicable.

TABLE 5 | Area under the curve (µg h/ml or µg h/g) of the observed concentrations (AUCobs) and the estimated concentrations (AUCest) for trans-permethrin in the blood

and tissues of pregnant rats.

GD1 GD15 GD20

AUCobs AUCest AUCobs AUCest AUCobs AUCest

Blood – 0.42 1.18a 0.75 1.04a 0.61

Liver – – – 1.54 – 0.95

Brain – 0.52 0.77a 0.71 0.53a 0.59

Kidney – – – – – –

Fat 10.60a 10.06 34.41 44.10 61.77 53.29

Mammary gland – 3.94 73.20 46.66 37.53 44.18

Placenta na na – 1.72 – 2.26

aValue of extrapolated AUC.

na, not applicable.

–, no data available.

brain, even if it could be detected in fetal liver and blood
(Figure 4).

For cis-permethrin, after a single administration at GD1, the
maximal concentration (Cmax) was reached between 4 and 6 h in
blood, liver, and kidney and declined rapidly, with an observed

half-life of 3.7, 5.7, and 6.5 h (Table 3). In the brain, fat, and
mammary gland, a slower diffusion was observed, with the peak
concentrations occurring later; at 10 h in the brain and at 24 h in
fat and mammary gland. In the brain, the estimated half-life was
7.9 h. After repeated administration, there were no significant
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changes in Tmax values at GD15 and GD20. However, the values
of half-life were reduced compared to GD1, with the lowest values
reported at GD15.

In order to compare maternal and fetal exposure, the 24-
h area under the curve (AUCobs) for cis-permethrin in blood
and tissues was computed using the measured concentrations
in pregnant rats and fetuses and are presented in Tables 4, 6,
respectively. In pregnant dams, the fat and the mammary gland
had the highest AUCobs, which were respectively 44- and 21-
fold higher to that in blood at GD1 (Table 4). No significant
accumulation was observed after repeated administration in the
kidney, liver, and brain, with AUCobs ratios between GD1 and
GD15 or GD20 values ranging from 1.5 to 3.4. On the contrary,
in blood, fat, and mammary gland, the AUCobs values at GD15
and GD20 were increased by 5.3- and 6-fold in blood, 28.4-
and 28.7-fold in fat, and 28.6- and 40.3-fold in mammary gland
compared to GD1. The AUCobs in placenta for the cis-isomer
was similar at GD15 and GD20 and was 3.6- and 2.3-fold the
AUCobs in blood, respectively (Table 6). In fetuses, the liver had
the highest exposure, and the lowest exposure was observed in
blood. The exposure in fetal blood and fetal brain was lower than
the exposure of the dam to cis-permethrin. In the brain, the AUC
ratio (fetus/dam) was 0.54. On the contrary, the exposure in the
fetal liver was 1.6 times greater than the exposure of the dam in
the liver.

Regarding trans-permethrin, the concentrations of the trans-
isomer were always lower than those measured for the cis-
isomer even if the administration of the trans isomer was
slightly higher than the cis-isomer. For the trans-isomer, due
to the low number of time points for which the concentration
measured was above the LOQ, AUCobs could only be estimated
in pregnant rats at GD15 and GD20 in blood, brain, and fat
and at GD1, GD15, and GD20 in the mammary gland (Table 5).
The highest exposures were observed in fat and mammary
gland as identified for the cis-isomer and were 29- and 62-
fold and 59- and 36-fold the AUCobs in blood at GD15 and
GD20, respectively.

Model Calibration
Convergence Analysis and Posterior Distributions
The convergence criterion R̂ was computed for the three chains
for all parameters calibrated with datasets of GD1 or GD15
and GD20. All the R̂ values were below 1.2, indicating that
the convergence was reached in both cases. The posterior
distributions of the estimated parameters at GD1 or GD15/GD20
are reported in Table 2 as the mean with 95% confidence
interval. Themeans of the posterior distributions of the estimated
parameters at GD1 or GD15/GD20 were compared to prior
distribution and between them.

At GD1, the estimated means were close to prior estimates for
tissue/blood partition coefficient (PC) in slowly perfused tissue
for both isomers and for the hepatic clearance of the trans-isomer
only. For the cis-isomer, the hepatic clearance was modestly
increased by 36%. For all other parameters, the posterior means
differed from their prior values. A decrease was observed for
the parameters of absorption (KsI) and fecal excretion (KFec),
with a decrease of 57 and 72% for KsI and 82 and 90% for

TABLE 6 | Area under the curve (µg h/ml or µg h/g) of the observed

concentrations (AUCobs) and the estimated concentrations (AUCest) for

cis-permethrin in fetal blood, liver, and brain.

cis-Permethrin

AUCobs AUCest

Blood 3.35 1.66

Liver 17.86 8.18

Brain 3.83 2.94

KFec for cis- and trans-permethrin, respectively. On the contrary,
the PC values were markedly increased for cis-permethrin. The
mean PC values for the posterior distribution were 1.5-, 2.6-,
and 5.1-fold higher than the prior mean values for fat, liver,
and kidney.

When compared together, the estimated means at GD15 and
GD20 were substantially different from those calibrated with
concentration data at GD1, with the exception of KsI values
for both isomers and also hepatic clearance and PC in brain
for trans-permethrin. The mean values of all parameters were
decreased compared to GD1 values, with the exception of the
PC in fat and mammary gland and permeability coefficients
in slowly perfused tissue. For cis-permethrin, the hepatic
clearance and fecal excretion were decreased by 3.5- and 3.6-
fold, respectively. The PCs were decreased by a factor of 1.6,
1.9, 2.3, and 3.2 in the liver, kidney, brain, and slowly perfused
tissues, respectively.

In fetuses, the PCs in the brain and liver were highest
than their respective values in dams. Asymmetric placental rate
constants were observed between maternal placenta and fetal
blood, with the majority of the transfer being in the fetal-to-
maternal direction. A 0.76 ratio was estimated between transfer
rates from the dam to the fetus (scKTrans1) and from the fetus to
the dam (scKTrans2).

Comparison of Predictions With Experimental Data
The experimental data at GD1, GD15, and GD20 were compared
with the model predictions with estimated parameters at GD1 or
at GD15 and GD20 (Figures 2–4). The estimated concentrations
were generally in good agreement with the observed data
in blood and tissues in dams. The estimated and observed
AUC in pregnant rats and fetuses are reported in Tables 4–
6. The estimated to observed AUC ratios for cis- and trans-
permethrin were within a range between 0.5 and 1.5, indicating
acceptable prediction results with the exception of fetal liver.
For fetal liver, the AUC ratio was 0.46. However, at time
points +6h and +10h, cis-permethrin was only quantifiable in
one sample.

Using the model, it was possible to estimate AUC for
trans-permethrin in pregnant rats notably after a single
administration at GD1 even if the lack of measured
concentrations prevents the computation of an observed
AUCobs (Table 5). At GD1, the tissue/blood ratios for AUCest

were 1.2 in the brain and 9.4 and 24 in mammary gland
and fat, respectively. In fat and mammary gland, these
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ratios were ∼2-fold lower than those observed with cis-
permethrin, similar to the observed ratio in fat in toxicokinetic
studies performed in male rats with permethrin (cis/trans,
40:60) (40).

Based on AUCest, the AUC values for the cis-isomer were 3.7-
to 5.6-fold greater than that of the trans-isomer in blood and
tissues at GD1. At GD15 and GD20, the cis/trans AUCest ratios
were increased compared to those calculated at GD1.

Sensitivity Analyses
The GSA identified the parameters to which the maternal
and fetal blood concentrations and fetal brain concentrations
are sensitive at GD15 and GD20. Three parameters mostly
influenced the maternal blood concentration at the three time
points (4, 6, and 12 h after the oral administration), i.e.,
the hepatic clearance and absorption parameters, partition
coefficient (Supplementary Figure S1). The influence of the
other model parameters is quite negligible. Regarding the fetal
dosimetry in blood and brain, the hepatic clearance is still
the most influential parameter (Supplementary Figures S2, S3).
The absorption parameters also have an impact on the blood
concentration, with a decreasing influence over time. As it could
have been expected, the fetal blood and brain concentrations
are sensitive to the two parameters driving the placental transfer
(Ktrans1 and Ktrans2). Due to its high volume, the compartment
“rest of the body” also influences the kinetics in fetal blood.
In the brain, the partitioning in the tissues (PCBrainF) and the
permeability (PSBrainF) become influential parameters. For all
model outputs, the rankings of the parameters by the first order
and total order indices were similar, and significant interactions
were observed between the most influential parameters.

DISCUSSION

Gestation induces numerous physiological, biochemical, and
metabolic changes that can affect the disposition of xenobiotics
(61). Assessing the fetal exposure during the whole gestation will
then require careful considerations of the maternal exposure.
In this paper, we extended the structure of a PBPK model
for permethrin in adult male rats (38, 40) to integrate
the dynamic changes occurring during gestation. Published
toxicokinetic data for permethrin isomers were obtained in
male rats after a single-dose administration (38, 40, 62). The
existence of gender differences in kinetics of pyrethroids has
not been experimentally studied for the parent compounds but
only for some metabolites, 3-phenoxybenzyl alcohol and 3-
phenoxybenzaldehyde, in rats for which gender differences were
observed (63). To characterize these potential differences for
permethrin, we collected toxicokinetic data after a single oral
dose at the first day of gestation (GD1), as the modifications due
to gestation are supposed to be negligible at GD1.

Compared to the known toxicokinetic profile of permethrin
in male rats, female rats demonstrated a similar hepatic clearance
but with a slower absorption rate. Indeed the estimated stomach
intestine rate transfers (Ksi) in females were 2.3- and 3.6-
fold lower compared to those in males for cis- and trans-
permethrin, respectively. These results are in accordance with

the sex differences in the gastrointestinal tract that have been
reported in rats (64) and the higher gastric mucosal blood flow
observed in male than in female rats (65).

Cis- and trans-permethrin were mainly distributed in tissues,
with a high accumulation in fat and mammary glands.
The estimated AUCs for cis- and trans-permethrin in blood
(normalized by the dose) were similar to those reported by
Tornero et al. (40) at 10 mg/kg but 2.7 and 5.7 lower than those
reported in Willemin et al. (38) at 25 mg/kg for each isomer,
respectively. However, in the study of Willemin et al., the blood
concentrations exceeded the binding capacity of rat plasma,
impacting the estimation of partition coefficients (66). In our
study, the observedCmax in blood for cis-permethrin was 260 nM,
in the linear range of the binding in plasma. Highest tissue/blood
partitions coefficients were estimated in our study compared to
those reported for males in the study of Tornero et al. (40). In
rats, cis- and trans-permethrin are primarily bound by plasma
proteins (50–60%) and, to a lesser amount, by lipoproteins (30–
35%) (67). Sex differences in plasma apolipoprotein profiles have
been reported in rats, with higher concentrations observed in
males than in females (68), which could explain these differences
observed between the studies.

Using estimated parameters at GD1, corresponding to a non-
pregnant rat, the model was not able to capture the toxicokinetic
at GD15 and GD20, demonstrating an impact of gestation on
the toxicokinetic profile of permethrin. The main observed
differences were related to hepatic clearance and tissue/blood PC.
The predicted hepatic clearance of cis-permethrin at GD15 and
GD20 was reduced by 3.5 compared to the prediction at GD1.

The calibration was performed in a Bayesian interference
framework, allowing the integration of informative prior
knowledge on the parameters and experimental data to optimize
the model parameter values and inform on their variability.
The sensitivity analysis identified hepatic clearance, absorption
parameters, and partition coefficients as having the most impact
on blood and brain concentrations. These results were in
agreement with previously published sensitivity analyses on the
kinetics of permethrin and deltamethrin in rodents or humans
(41, 42, 58). Because the model was not able to capture the
kinetics observed at GD1, GD15, and GD20 with the same set of
parameter values, the model was calibrated independently with
the data generated at GD1 after a single-dose administration and
the data generated at GD15 or GD20 after repeated daily yielding
to two different sets of parameters for GD1 andGD15/GD20. The
main differences between these two sets of estimated values were
related to the hepatic clearance and the tissue/blood partition
coefficients. The predicted hepatic clearance of cis-permethrin at
GD15 and GD20 was reduced by a 3.5 factor compared to the
value estimated at GD1.

Gestation is associated with a small decrease in total rodent
liver P450 content and/or activity (69, 70), which can explain
these differences in themetabolic rate of the cis-isomer. For trans-
permethrin, it was not possible to observe such a reduction due
to the limited number of time points at which the isomer was
quantified. The respective values of the PCs for fat and mammary
gland were markedly increased by 1.6 and 2.1 for cis-permethrin
and 2.7 and 9.2 for trans-permethrin. This evolution might be
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explained by the fact that blood lipid levels can increase up to 4-
fold during gestation (71) and affect the disposition of lipophilic
compounds such as permethrin [log P = 6.1; (40)]. Moreover,
maternal fat content progressively increases during gestation
and mammary fat accumulation increases intensely from day
12 of gestation, contributing to maternal fat storage (48, 72).
These differences in blood and tissue composition during the
gestation may explain the changes in PC values and the changes
in pharmacokinetic profile after chronic administration during
the whole gestation, with a marked accumulation in fat tissues
and mammary glands.

The other main objective of our PBPK model in rat was
to predict the internal dose in the fetal brain to help in
risk assessment. PBPK models allow inter-species extrapolations
(73) and can be used to estimate human fetal exposure in
inaccessible compartments such as the brain (74). The estimated
concentrations in the fetal brain could aid in the selection
of appropriate doses to investigate the neurodevelopmental
toxicity using human in vitro systems. To assess exposure in
the fetal brain and to facilitate its use in a risk assessment
context, a compartmental structure was established for the
fetal PBPK model, with mass communication via the blood–
placenta barrier. Using estimated parameters in pregnant rats
and fetuses, the model was able to reproduce correctly the
kinetics of both cis- and trans-isomers in fetal blood and tissues
even if trans-permethrin was only quantifiable in fetal brain
due to analytical limitations. The fetal brain was exposed to
permethrin, demonstrating that exposure during pregnancy is
of concern for the developing brain even if fetal exposure
was less than maternal exposure with a feto/maternal (FM)
ratio of 0.54. In blood, the FM ratio was 0.25 for cis-
permethrin, which is close to the FM ratio of 0.5 reported
for cypermethrin, another pyrethroid in placental perfusion
studies in humans (75). In our model, transfers from the
placenta to the fetuses were considered as a simple diffusion
with an estimated placental rate constant value from the dam
to the fetuses of 1.91 L/h/kg0.75. This value was close to that
reported for other pesticides, such as atrazine in rats (76).
However, the placental transfer of permethrin could also involve
active transports, and further data are needed to characterize
placental transfer.

In conclusion, we developed a gestation PBPK model in
rats, allowing the identification of key parameters affecting
maternal exposure to cis- and trans-permethrin during gestation
and an accurate prediction of fetal brain tissue distribution
in rats. In rodents, permethrin and other pyrethroids have
shown neurodevelopmental effects. The interpretation of animal

studies is challenging due to the lack of assessment of the
internal exposure and variable exposure periods and doses

used. This model could be used to predict brain levels in
reported studies in animals during gestational exposure to aid
in risk assessment. Moreover, the mechanisms by which chronic
early-life permethrin and pyrethroids could exert developmental
neurotoxicity was not well-understood (77). The model allows
the estimation of relevant concentrations in the fetal brain in
rats. The model could be extrapolated to humans by including
specific human values for parameters required for the PBPK
model and relevant in vitro data for clearance-specific parameters
(78). The human pregnancy PBPK model could then be used to
estimate relevant concentrations in the fetal brain to test in in
vitro systems. Once more data will be available, these data could
be integrated in specific adverse outcome pathways to assess
developmental neurotoxicity in humans.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by a regional Ethic
Committee on experiments using animals (CREMEAP no.96)
and the French Ministry of Research with the permit number
01812.01.

AUTHOR CONTRIBUTIONS

SP and FZ formulated the research questions and designed the
studies. SD, FR, and AL performed the experimental study in rats.
SP, PM, and AC performed the chemical analysis. SP, FZ, and CB
performed the PBPK modeling. CB ran the sensitivity analyses.
SP wrote the manuscript. FZ and CB provided critical review and
comments. FZ and VB were the supervisors of this research. All
authors contributed to the article and approved the submitted
version.

FUNDING

This work was supported by the French Ministry of Ecology
and Sustainable Development (Program 190) and by the
HBM4EU project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.
2021.730383/full#supplementary-material

REFERENCES

1. Saillenfait A-M, Ndiaye D, Sabaté J-P. Pyrethroids:

exposure and health effects – an update. Int J Hyg

Environ Health. (2015) 218:281–92. doi: 10.1016/j.ijheh.2015.

01.002

2. Feo ML, Eljarrat E, Barceló D, Barceló D. Determination of pyrethroid

insecticides in environmental samples. TrAC Trends Anal Chem. (2010)

29:692–705. doi: 10.1016/j.trac.2010.03.011

3. Weston DP, Holmes RW, You J, Lydy MJ. Aquatic toxicity due to residential

use of pyrethroid insecticides. Environ Sci Technol. (2005) 39:9778–84.

doi: 10.1021/es0506354

Frontiers in Pediatrics | www.frontiersin.org 13 September 2021 | Volume 9 | Article 73038352

https://www.frontiersin.org/articles/10.3389/fped.2021.730383/full#supplementary-material
https://doi.org/10.1016/j.ijheh.2015.01.002
https://doi.org/10.1016/j.trac.2010.03.011
https://doi.org/10.1021/es0506354
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Personne et al. Pemethrin pPBPK Model in Rats

4. Heudorf U, Angerer J. Metabolites of pyrethroid insecticides in urine

specimens: current exposure in an urban population in Germany. Environ

Health Perspect. (2001) 109:213. doi: 10.1289/ehp.01109213

5. Dereumeaux C, Saoudi A, Pecheux M, Berat B, de Crouy-Chanel P, Zaros

C, et al. Biomarkers of exposure to environmental contaminants in French

pregnant women from the Elfe cohort in 2011. Environ Int. (2016) 97:56–67.

doi: 10.1016/j.envint.2016.10.013

6. Castorina R, Bradman A, Fenster L, Barr DB, Bravo R, Vedar MG,

et al. Comparison of current-use pesticide and other toxicant urinary

metabolite levels among pregnant women in the CHAMACOS cohort and

NHANES. Environ Health Perspect. (2010) 118:856–63. doi: 10.1289/ehp.09

01568

7. Dewailly E, Forde M, Robertson L, Kaddar N, Laouan Sidi EA, Côté S, et al.

Evaluation of pyrethroid exposures in pregnant women from 10 Caribbean

countries. Environ Int. (2014) 63:201–6. doi: 10.1016/j.envint.2013.11.014

8. Lewis RC, Cantonwine DE, Anzalota Del Toro LV, Calafat AM, Valentin-

Blasini L, et al. Urinary biomarkers of exposure to insecticides, herbicides, and

one insect repellent among pregnant women in Puerto Rico. Environ Health.

(2014) 13:97. doi: 10.1186/1476-069X-13-97

9. Watkins DJ, Fortenberry GZ, Sánchez BN, Barr DB, Panuwet P, Schnaas L,

et al. Urinary 3-phenoxybenzoic acid (3-PBA) levels among pregnant women

in Mexico City: Distribution and relationships with child neurodevelopment.

Environ Res. (2016) 147:307–13. doi: 10.1016/j.envres.2016.02.025

10. Woodruff TJ, Zota AR, Schwartz JM. Environmental chemicals in pregnant

women in the United States: NHANES 2003–2004. Environ Health Perspect.

(2011) 119:878–85. doi: 10.1289/ehp.1002727

11. Zhang J, Hisada A, Yoshinaga J, Shiraishi H, Shimodaira K, Okai T,

et al. Exposure to pyrethroids insecticides and serum levels of thyroid-

related measures in pregnant women. Environ Res. (2013) 127:16–21.

doi: 10.1016/j.envres.2013.10.001

12. Dereumeaux C, Saoudi A, Goria S, Wagner V, De Crouy-Chanel P, Pecheux

M, et al. Urinary levels of pyrethroid pesticides and determinants in

pregnant French women from the Elfe cohort. Environ Int. (2018) 119:89–99.

doi: 10.1016/j.envint.2018.04.042

13. Neta G, Goldman LR, Barr D, Apelberg BJ, Witter FR, Halden RU. Fetal

exposure to chlordane and permethrin mixtures in relation to inflammatory

cytokines and birth outcomes. Environ Sci Technol. (2011) 45:1680–7.

doi: 10.1021/es103417j

14. Pérez JJ, Williams MK, Weerasekera G, Smith K, Whyatt RM, Needham

LL, et al. Measurement of pyrethroid, organophosphorus, and carbamate

insecticides in human plasma using isotope dilution gas chromatography–

high resolution mass spectrometry. J Chromatogr B. (2010) 878:2554–62.

doi: 10.1016/j.jchromb.2010.03.015

15. Berton T, Mayhoub F, Chardon K, Duca R-C, Lestremau F, Bach V,

et al. Development of an analytical strategy based on LC–MS/MS for the

measurement of different classes of pesticides and theirs metabolites in

meconium: application and characterisation of foetal exposure in France.

Environ Res. (2014) 132:311–20. doi: 10.1016/j.envres.2014.03.034

16. Meyer-Monath M, Chatellier C, Cabooter D, Rouget F, Morel I, Lestremau

F. Development of liquid chromatography methods coupled to mass

spectrometry for the analysis of substances with a wide variety of polarity in

meconium. Talanta. (2015) 138:231–9. doi: 10.1016/j.talanta.2015.02.058

17. Cassoulet R, Haroune L, Abdelouahab N, Gillet V, Baccarelli AA, Cabana H,

et al. Monitoring of prenatal exposure to organic and inorganic contaminants

using meconium from an Eastern Canada cohort. Environ Res. (2019) 171:44–

51. doi: 10.1016/j.envres.2018.12.044

18. Tran NQV, Miyake K. Neurodevelopmental disorders and environmental

toxicants: epigenetics as an underlying mechanism. Int J Genomics. (2017)

2017:1–23. doi: 10.1155/2017/7526592

19. Rodier PM. Developing brain as a target of toxicity. Environ Health Perspect.

(1995) 103(Suppl. 6):73–6.

20. Shafer TJ, Meyer DA, Crofton KM. developmental neurotoxicity of pyrethroid

insecticides: critical review and future research needs. EnvironHealth Perspect.

(2004) 113:123–36. doi: 10.1289/ehp.7254

21. Viel J-F, Warembourg C, Le Maner-Idrissi G, Lacroix A, Limon G, Rouget F,

et al. Pyrethroid insecticide exposure and cognitive developmental disabilities

in children: the PELAGIE mother–child cohort. Environ Int. (2015) 82:69–75.

doi: 10.1016/j.envint.2015.05.009

22. Viel J-F, Rouget F, Warembourg C, Monfort C, Limon G, Cordier S, et al.

Behavioural disorders in 6-year-old children and pyrethroid insecticide

exposure: the PELAGIEmother–child cohort.Occup EnvMed. (2017) 74:275–

81. doi: 10.1136/oemed-2016-104035

23. Shelton JF, Geraghty EM, Tancredi DJ, Delwiche LD, Schmidt

RJ, Ritz B, et al. Neurodevelopmental disorders and prenatal

residential proximity to agricultural pesticides: The CHARGE study.

Environ Health Perspect. (2014) 122:1103–9. doi: 10.1289/ehp.13

07044

24. Horton MK, Rundle A, Camann DE, Boyd Barr D, Rauh VA, Whyatt

RM. Impact of prenatal exposure to piperonyl butoxide and permethrin

on 36-month neurodevelopment. Pediatrics. (2011) 127:e699–706.

doi: 10.1542/peds.2010-0133

25. Ostrea EM, Bielawski DM, Posecion NC, Corrion M, Villanueva-Uy E,

Bernardo RC, et al. Combined analysis of prenatal (maternal hair and blood)

and neonatal (infant hair, cord blood and meconium) matrices to detect

fetal exposure to environmental pesticides. Environ Res. (2009) 109:116–22.

doi: 10.1016/j.envres.2008.09.004

26. von Ehrenstein OS, Ling C, Cui X, Cockburn M, Park AS, Yu F, et al. Prenatal

and infant exposure to ambient pesticides and autism spectrum disorder

in children: population based case-control study. BMJ. (2019) 364:l962.

doi: 10.1136/bmj.l962

27. Dalsager L, Fage-Larsen B, Bilenberg N, Jensen TK, Nielsen F, Kyhl HB, et al.

Maternal urinary concentrations of pyrethroid and chlorpyrifos metabolites

and attention deficit hyperactivity disorder (ADHD) symptoms in 2-4-year-

old children from the Odense Child Cohort. Environ Res. (2019) 176:108533.

doi: 10.1016/j.envres.2019.108533

28. Barkoski JM, Philippat C, Tancredi D, Schmidt RJ, Ozonoff S, Barr

DB, et al. In utero pyrethroid pesticide exposure in relation to

autism spectrum disorder (ASD) and other neurodevelopmental

outcomes at 3 years in the MARBLES longitudinal cohort.

Environ Res. (2021) 194:110495. doi: 10.1016/j.envres.2020.

110495

29. Ueyama J, Saito I, Kamijima M. Analysis and evaluation of pyrethroid

exposure in human population based on biological monitoring

of urinary pyrethroid metabolites. J Pestic Sci. (2010) 35:87–98.

doi: 10.1584/jpestics.R10-01

30. Darney K, Bodin L, Bouchard M, Côté J, Volatier J-L, Desvignes V.

Aggregate exposure of the adult French population to pyrethroids.

Toxicol Appl Pharmacol. (2018) 351:21–31. doi: 10.1016/j.taap.2018.

05.007

31. US EPA. Pesticides : Industry Sales and Usage : 2006 and 2007 Market

Estimate (2007).

32. Carloni M, Nasuti C, Fedeli D, Montani M, Amici A, Vadhana MSD,

et al. The impact of early life permethrin exposure on development of

neurodegeneration in adulthood. Exp Gerontol. (2012) Washington, 47:60–6.

doi: 10.1016/j.exger.2011.10.006

33. Carloni M, Nasuti C, Fedeli D, Montani M, Vadhana MSD, Amici

A, et al. Early life permethrin exposure induces long-term brain

changes in Nurr1, NF-kB and Nrf-2. Brain Res. (2013) 1515:19–28.

doi: 10.1016/j.brainres.2013.03.048

34. Imanishi S, Okura M, Zaha H, Yamamoto T, Akanuma H, Nagano R,

et al. Prenatal exposure to permethrin influences vascular development

of fetal brain and adult behavior in mice offspring: prenatal Exposure to

Permethrin Influences Brain in Offspring. Environ Toxicol. (2013) 28:617–29.

doi: 10.1002/tox.20758

35. Nasuti C, Carloni M, Fedeli D, Gabbianelli R, Di Stefano A, Laura

Serafina C, et al. Effects of early life permethrin exposure on spatial

working memory and on monoamine levels in different brain areas of

pre-senescent rats. Toxicology. (2013) 303:162–8. doi: 10.1016/j.tox.2012.

09.016

36. Saito H, Hara K, Tominaga T, Nakashima K, Tanemura K. Early-life exposure

to low levels of permethrin exerts impairments in learning and memory with

the effects on neuronal and glial population in adult male mice. J Appl Toxicol.

(2019) 39:1651–62. doi: 10.1002/jat.3882

37. US EPA. Approaches for the Application of Physiologically Based

Pharmacokinetic (PBPK) Models and Supporting Data in Risk

Assessment (2006) Washington.

Frontiers in Pediatrics | www.frontiersin.org 14 September 2021 | Volume 9 | Article 73038353

https://doi.org/10.1289/ehp.01109213
https://doi.org/10.1016/j.envint.2016.10.013
https://doi.org/10.1289/ehp.0901568
https://doi.org/10.1016/j.envint.2013.11.014
https://doi.org/10.1186/1476-069X-13-97
https://doi.org/10.1016/j.envres.2016.02.025
https://doi.org/10.1289/ehp.1002727
https://doi.org/10.1016/j.envres.2013.10.001
https://doi.org/10.1016/j.envint.2018.04.042
https://doi.org/10.1021/es103417j
https://doi.org/10.1016/j.jchromb.2010.03.015
https://doi.org/10.1016/j.envres.2014.03.034
https://doi.org/10.1016/j.talanta.2015.02.058
https://doi.org/10.1016/j.envres.2018.12.044
https://doi.org/10.1155/2017/7526592
https://doi.org/10.1289/ehp.7254
https://doi.org/10.1016/j.envint.2015.05.009
https://doi.org/10.1136/oemed-2016-104035
https://doi.org/10.1289/ehp.1307044
https://doi.org/10.1542/peds.2010-0133
https://doi.org/10.1016/j.envres.2008.09.004
https://doi.org/10.1136/bmj.l962
https://doi.org/10.1016/j.envres.2019.108533
https://doi.org/10.1016/j.envres.2020.110495
https://doi.org/10.1584/jpestics.R10-01
https://doi.org/10.1016/j.taap.2018.05.007
https://doi.org/10.1016/j.exger.2011.10.006
https://doi.org/10.1016/j.brainres.2013.03.048
https://doi.org/10.1002/tox.20758
https://doi.org/10.1016/j.tox.2012.09.016
https://doi.org/10.1002/jat.3882
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Personne et al. Pemethrin pPBPK Model in Rats

38. Willemin M-E, Desmots S, Le Grand R, Lestremau F, Zeman FA, Leclerc

E, et al. PBPK modeling of the cis- and trans-permethrin isomers and their

major urinary metabolites in rats. Toxicol Appl Pharmacol. (2016) 294:65–77.

doi: 10.1016/j.taap.2016.01.011

39. Song G, Moreau M, Efremenko A, Lake BG, Wu H, Bruckner JV, et al.

Evaluation of age-related pyrethroid pharmacokinetic differences in rats:

physiologically-based pharmacokinetic model development using in vitro

data and in vitro to in vivo extrapolation. Toxicol Sci. (2019) 169:365–79.

doi: 10.1093/toxsci/kfz042

40. Tornero-Velez R, Davis J, Scollon EJ, Starr JM, Setzer RW, Goldsmith M-

R, et al. A pharmacokinetic model of cis- and trans-permethrin disposition

in rats and humans with aggregate exposure application. Toxicol Sci. (2012)

130:33–47. doi: 10.1093/toxsci/kfs236

41. Wei B, Isukapalli SS, Weisel CP. Studying permethrin exposure in

flight attendants using a physiologically based pharmacokinetic model.

J Expo Sci Environ Epidemiol. (2013) 23:416–27. doi: 10.1038/jes.

2013.12

42. Quindroit P, Beaudouin R, Brochot C. Estimating the cumulative human

exposures to pyrethroids by combined multi-route PBPK models:

application to the French population. Toxicol Lett. (2019) 312:125–38.

doi: 10.1016/j.toxlet.2019.05.007

43. Mallick P, Moreau M, Song G, Efremenko AY, Pendse SN, Creek MR,

et al. Development and application of a life-stage Physiologically

Based Pharmacokinetic (PBPK) model to the assessment of internal

dose of pyrethroids in humans. Toxicol Sci. (2020) 173:86–99.

doi: 10.1093/toxsci/kfz211

44. Personne S, Marcelo P, Pilard S, Baltora-Rosset S, Corona A, Robidel

F, et al. Determination of maternal and foetal distribution of cis-

and trans-permethrin isomers and their metabolites in pregnant rats

by liquid chromatography tandem mass spectrometry (LC-MS/MS).

Anal Bioanal Chem. (2019) 411:8043–52. doi: 10.1007/s00216-019-0

2157-7

45. Dowell T, Kauer CD. Maternal hemodynamics and uteroplacental blood flow

throughout gestation in conscious rats. Methods Find Exp Clin Pharmacol.

(1997) 19:613–25.

46. Brown RP, Delp MD, Lindstedt SL, Rhomberg LR, Beliles RP. Physiological

parameter values for physiologically based pharmacokinetic models. Toxicol

Ind Health. (1997) 13:407–84. doi: 10.1177/074823379701300401

47. Hanwell A, Linzell JL. The time course of cardiovascular changes in lactation

in the rat. J Physiol. (1973) 233:93–109. doi: 10.1113/jphysiol.1973.sp010299

48. Rosso P, Keyou G, Bassi JA, Slusser WM. Effect of malnutrition during

pregnancy on the development of the mammary glands of rats. J Nutr. (1981)

111:1937–41. doi: 10.1093/jn/111.11.1937

49. Naismith DJ, Richardson DP, Pritchard AE. The utilization of protein

and energy during lactation in the rat, with particular regard to

the use of fat accumulated in pregnancy. Br J Nutr. (1982) 48:433.

doi: 10.1079/BJN19820125

50. Clewell RA. Predicting fetal perchlorate dose and inhibition of iodide

kinetics during gestation: a physiologically-based pharmacokinetic analysis

of perchlorate and iodide kinetics in the rat. Toxicol Sci. (2003) 73:235–55.

doi: 10.1093/toxsci/kfg081

51. O’Flaherty EJ, ScottW, Schreiner C, Beliles RP. A physiologically based kinetic

model of rat and mouse gestation: disposition of a weak acid. Toxicol Appl

Pharmacol. (1992) 112:245–56. doi: 10.1016/0041-008X(92)90194-W

52. Yoon M, Nong A, Clewell HJ, Taylor MD, Dorman DC, Andersen ME.

Evaluating placental transfer and tissue concentrations of manganese in the

pregnant rat and fetuses after inhalation exposures with a PBPK model.

Toxicol Sci. (2009) 112:44–58. doi: 10.1093/toxsci/kfp198

53. Sikov MR, Thomas JM. Prenatal growth of the rat. Growth. (1970) 34:1–14.

54. Girard H, Klappstein S, Bartag, I, Moll, W. Blood circulation and oxygen

transport in the fetal guinea pig. J Dev Physiol. (1983) 5:181–93.

55. Carter, AM, Gu W. Cerebral blood fow in the fetal guinea pig. J Dev Physiol.

(1988) 10:123–9. doi: 10.1016/0143-4004(89)90089-1

56. Itskovitz J, LaGamma EF, Rudolph AM. Effects of cord compression on fetal

blood flow distribution and O2 delivery. Am J Physiol Heart Circ Physiol.

(1987) 252:H100–9. doi: 10.1152/ajpheart.1987.252.1.H100

57. Gelman A, Meng X-L, Stern H. Posterior predictive assessment of model

fitness via realized discrepancies. Stat Sin. (1996) 6:733–807.

58. Godin SJ, DeVito MJ, Hughes MF, Ross DG, Scollon EJ, Starr JM,

et al. Physiologically based pharmacokinetic modeling of deltamethrin:

development of a rat and human diffusion-limited model. Toxicol Sci. (2010)

115:330–43. doi: 10.1093/toxsci/kfq051

59. Crow J, Borazjani A, Potter P, Ross M. Hydrolysis of pyrethroids by human

and rat tissues: examination of intestinal, liver and serum carboxylesterases.

Toxicol Appl Pharmacol. (2007) 221:1–12. doi: 10.1016/j.taap.2007.03.002

60. Gelman A, Bois F, Jiang J. Physiological pharmacokinetic analysis

using population modeling and informative prior distributions. J

Am Stat Assoc. (1996) 91:1400–12. doi: 10.1080/01621459.1996.104

76708

61. Lu G, Abduljalil K, Jamei M, Johnson TN, Soltani H, Rostami-Hodjegan.

Physiologically-based Pharmacokinetic (PBPK) models for assessing the

kinerics of xenobiotics during pregnancy: achievements and shortcomings.

Curr Drug Metab. (2012) 13:695–720. doi: 10.2174/138920012800840374

62. Anadon A, Martinez-Larranaga MR, Diaz MJ, Bringas P. Toxicokinetics

of permethrin in the rat. Toxicol Appl Pharmacol. (1991) 110:1–8.

doi: 10.1016/0041-008X(91)90284-L

63. Ueyama J, Hirosawa N, Mochizuki A, Kimata A, Kamijima M, Kondo T, et al.

Toxicokinetics of pyrethroid metabolites in male and female rats. Environ

Toxicol Pharmacol. (2010) 30:88–91. doi: 10.1016/j.etap.2010.03.017

64. Afonso-Pereira F, Dou L, Trenfield SJ, Madla CM, Murdan S, Sousa

J, et al. Sex differences in the gastrointestinal tract of rats and the

implications for oral drug delivery. Eur J Pharm Sci. (2018) 115:339–44.

doi: 10.1016/j.ejps.2018.01.043

65. Shore R, Björne H, Omoto Y, Siemiatkowska A, Gustafsson J-Å, Lindblad M,

et al. Sex differences and effects of oestrogen in rat gastric mucosal defence.

World J Gastroenterol. (2017) 23:426. doi: 10.3748/wjg.v23.i3.426

66. Sethi P, Bruckner JV, Mortuza TB, Cummings BS, Muralidhara S, White CA.

Plasma protein and lipoprotein binding of Cis - and Trans -permethrin and

deltamethrin in adult humans and rats. Drug Metab Dispos. (2019) 47:941–8.

doi: 10.1124/dmd.118.085464

67. Sethi PK, Muralidhara S, Bruckner JV, White CA. Measurement of plasma

protein and lipoprotein binding of pyrethroids. J Pharmacol Toxicol Methods.

(2014) 70:106–11. doi: 10.1016/j.vascn.2014.06.002

68. Van Lenten BJ, Jenkins CH, Roheim PS. Plasma apolipoprotein

profiles of male and female rats. Atherosclerosis. (1980) 37:569–77.

doi: 10.1016/0021-9150(80)90064-7

69. He XJ, Ejiri N, Nakayama H, Doi K. Effects of pregnancy on CYPs

protein expression in rat liver. Exp Mol Pathol. (2005) 78:64–70.

doi: 10.1016/j.yexmp.2004.08.011

70. He XJ, Yamauchi H, Suzuki K, Ueno M, Nakayama H, Doi K. Gene

expression profiles of drug-metabolizing enzymes (DMEs) in rat liver

during pregnancy and lactation. Exp Mol Pathol. (2007) 83:428–34.

doi: 10.1016/j.yexmp.2006.05.002

71. McMullin TS, Lowe ER, Bartels MJ, Marty MS. Dynamic changes in

lipids and proteins of maternal, fetal, and pup blood and milk during

perinatal development in CD and wistar rats. Toxicol Sci. (2008) 105:260–74.

doi: 10.1093/toxsci/kfn124

72. López-Luna P, Maier I, Herrera E. Carcass and tissue fat content in the

pregnant rat. Neonatology. (1991) 60:29–38. doi: 10.1159/000243385

73. Andersen ME. Development of physiologically based pharmacokinetic

and physiologically based pharmacodymamic models for applications in

toxicology and risk assessment. Decis Subtances Methodol Hum Health Risk

Assess Toxic Subst. (1995) 79:35–44. doi: 10.1016/0378-4274(95)03355-O

74. Sager JE, Yu J, Ragueneau-Majlessi I, Isoherranen N. Physiologically

Based Pharmacokinetic (PBPK) modeling and simulation approaches:

a systematic review of published models, applications, and model

verification. Drug Metab Dispos. (2015) 43:1823–37. doi: 10.1124/dmd.115.0

65920

75. Mathiesen L, Mørck TA, Poulsen MS, Nielsen JKS, Mose T, Long M, et al.

Placental transfer of pesticides studied in human placental perfusion. Basic

Clin Pharmacol Toxicol. (2020) 127:505–15. doi: 10.1111/bcpt.13456

76. Lin Z, Fisher JW, Wang R, Ross MK, Filipov NM. Estimation of placental

and lactational transfer and tissue distribution of atrazine and its main

metabolites in rodent dams, fetuses, and neonates with physiologically based

pharmacokinetic modeling. Toxicol Appl Pharmacol. (2013) 273:140–58.

doi: 10.1016/j.taap.2013.08.010

Frontiers in Pediatrics | www.frontiersin.org 15 September 2021 | Volume 9 | Article 73038354

https://doi.org/10.1016/j.taap.2016.01.011
https://doi.org/10.1093/toxsci/kfz042
https://doi.org/10.1093/toxsci/kfs236
https://doi.org/10.1038/jes.2013.12
https://doi.org/10.1016/j.toxlet.2019.05.007
https://doi.org/10.1093/toxsci/kfz211
https://doi.org/10.1007/s00216-019-02157-7
https://doi.org/10.1177/074823379701300401
https://doi.org/10.1113/jphysiol.1973.sp010299
https://doi.org/10.1093/jn/111.11.1937
https://doi.org/10.1079/BJN19820125
https://doi.org/10.1093/toxsci/kfg081
https://doi.org/10.1016/0041-008X(92)90194-W
https://doi.org/10.1093/toxsci/kfp198
https://doi.org/10.1016/0143-4004(89)90089-1
https://doi.org/10.1152/ajpheart.1987.252.1.H100
https://doi.org/10.1093/toxsci/kfq051
https://doi.org/10.1016/j.taap.2007.03.002
https://doi.org/10.1080/01621459.1996.10476708
https://doi.org/10.2174/138920012800840374
https://doi.org/10.1016/0041-008X(91)90284-L
https://doi.org/10.1016/j.etap.2010.03.017
https://doi.org/10.1016/j.ejps.2018.01.043
https://doi.org/10.3748/wjg.v23.i3.426
https://doi.org/10.1124/dmd.118.085464
https://doi.org/10.1016/j.vascn.2014.06.002
https://doi.org/10.1016/0021-9150(80)90064-7
https://doi.org/10.1016/j.yexmp.2004.08.011
https://doi.org/10.1016/j.yexmp.2006.05.002
https://doi.org/10.1093/toxsci/kfn124
https://doi.org/10.1159/000243385
https://doi.org/10.1016/0378-4274(95)03355-O
https://doi.org/10.1124/dmd.115.065920
https://doi.org/10.1111/bcpt.13456
https://doi.org/10.1016/j.taap.2013.08.010
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Personne et al. Pemethrin pPBPK Model in Rats

77. Pitzer EM, Williams MT, Vorhees CV. Effects of pyrethroids

on brain development and behavior: deltamethrin.

Neurotoxicol Teratol. (2021) 87:106983. doi: 10.1016/j.ntt.2021.1

06983

78. Dallmann A, Solodenko J, Ince I, Eissing T. Applied concepts in PBPK

modeling: how to extend an open systems pharmacology model to the

special population of pregnant women: pregnancy PBPK models in open

systems pharmacology. CPT Pharmacomet Syst Pharmacol. (2018) 7:419–31.

doi: 10.1002/psp4.12300

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Personne, Brochot, Marcelo, Corona, Desmots, Robidel, Lecomte,

Bach and Zeman. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 16 September 2021 | Volume 9 | Article 73038355

https://doi.org/10.1016/j.ntt.2021.106983
https://doi.org/10.1002/psp4.12300
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


ORIGINAL RESEARCH
published: 23 September 2021
doi: 10.3389/fped.2021.733520

Frontiers in Pediatrics | www.frontiersin.org 1 September 2021 | Volume 9 | Article 733520

Edited by:

Venkata Kashyap Yellepeddi,

The University of Utah, United States

Reviewed by:

Alexandre Bonnin,

University of Southern California,

United States

Vijay K. Siripuram,

University of Florida, United States

*Correspondence:

Paola Mian

Paola.Mian@mst.nl

orcid.org/0000-0002-3551-1201

Specialty section:

This article was submitted to

Obstetric and Pediatric Pharmacology,

a section of the journal

Frontiers in Pediatrics

Received: 30 June 2021

Accepted: 20 August 2021

Published: 23 September 2021

Citation:

Mian P, Nolan B, van den Anker JN,

van Calsteren K, Allegaert K, Lakhi N

and Dallmann A (2021) Mechanistic

Coupling of a Novel in silico Cotyledon

Perfusion Model and a Physiologically

Based Pharmacokinetic Model to

Predict Fetal Acetaminophen

Pharmacokinetics at Delivery.

Front. Pediatr. 9:733520.

doi: 10.3389/fped.2021.733520

Mechanistic Coupling of a Novel in
silico Cotyledon Perfusion Model and
a Physiologically Based
Pharmacokinetic Model to Predict
Fetal Acetaminophen
Pharmacokinetics at Delivery
Paola Mian 1*, Bridget Nolan 2,3, John N. van den Anker 4,5, Kristel van Calsteren 6,7,

Karel Allegaert 6,8,9, Nisha Lakhi 2,3 and André Dallmann 10

1Department of Clinical Pharmacy, Medisch Spectrum Twente, Enschede, Netherlands, 2Department of Obstetrics and

Gynecology, Richmond University Medical Center, Staten Island, NY, United States, 3Department of Obstetrics and

Gynecology, New York Medical College, Valhalla, NY, United States, 4Division of Clinical Pharmacology, Children’s National

Hospital, Washington, DC, United States, 5Department of Pediatric Pharmacology and Pharmacometrics, University

Children’s Hospital Basel, Basel, Switzerland, 6Department of Development and Regeneration, KU Leuven, Leuven, Belgium,
7Department of Gynecology and Obstetrics, UZ Gasthuisberg, Leuven, Belgium, 8Department of Pharmaceutical and

Pharmacological Sciences, KU Leuven, Leuven, Belgium, 9Department of Hospital Pharmacy, Erasmus Medical Center

Rotterdam, Rotterdam, Netherlands, 10 Pharmacometrics/Modeling and Simulation, Research and Development,

Pharmaceuticals, Bayer AG, Leverkusen, Germany

Little is known about placental drug transfer and fetal pharmacokinetics despite

increasing drug use in pregnant women. While physiologically based pharmacokinetic

(PBPK) models can help in some cases to shed light on this knowledge gap, adequate

parameterization of placental drug transfer remains challenging. A novel in silico model

with seven compartments representing the ex vivo cotyledon perfusion assay was

developed and used to describe placental transfer and fetal pharmacokinetics of

acetaminophen. Unknown parameters were optimized using observed data. Thereafter,

values of relevant model parameters were copied to a maternal-fetal PBPK model and

acetaminophen pharmacokinetics were predicted at delivery after oral administration

of 1,000mg. Predictions in the umbilical vein were evaluated with data from two

clinical studies. Simulations from the in silico cotyledon perfusion model indicated that

acetaminophen accumulates in the trophoblasts; simulated steady state concentrations

in the trophoblasts were 4.31-fold higher than those in the perfusate. The whole-body

PBPK model predicted umbilical vein concentrations with a mean prediction error of

24.7%. Of the 62 concentration values reported in the clinical studies, 50 values (81%)

were predicted within a 2-fold error range. In conclusion, this study presents a novel

in silico cotyledon perfusion model that is structurally congruent with the placenta
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implemented in our maternal-fetal PBPK model. This allows transferring parameters

from the former model into our PBPK model for mechanistically exploring whole-body

pharmacokinetics and concentration-effect relationships in the placental tissue. Further

studies should investigate acetaminophen accumulation and metabolism in the placenta

as the former might potentially affect placental prostaglandin synthesis and subsequent

fetal exposure.

Keywords: acetaminophen, ex vivo cotyledon perfusion, physiologically-based pharmacokinetics, placental

transfer, maternal-fetal, pregnancy

INTRODUCTION

Despite frequent and increasing drug use in pregnant women
(1, 2), little is known about placental drug transfer and
pharmacokinetics in the fetus. To address this knowledge
gap, numerous physiologically based pharmacokinetic (PBPK)
models for pregnant women were developed over the past years
and used to simulate fetal pharmacokinetics (3, 4). Yet, adequate
parameterization of placental drug transfer in these models
remains challenging. While some models relied on various in
vitro information, such as the drug’s physicochemical properties
or permeability across Caco-2 cell membranes, to estimate
placental drug transfer (5–8), other models integrated kinetic
data obtained from the ex vivo cotyledon perfusion assay (9–14)
or fitted the placental permeability to clinical data (15).

The kinetic in silicomodels representing the ex vivo cotyledon
perfusion system typically consist of few compartments and lump
various tissue portions of the cotyledon, e.g., intravillous vascular,
interstitial, and intracellular space, in a single compartment.
Although in general these models appear to scale well with the
placental drug transfer kinetics simulated in whole-body models,
the relatively simple structure prevents a more mechanistic
understanding of the transfer kinetics. For example, drug
accumulation in the trophoblasts of the cotyledon—which may
lengthen fetal drug exposure in vivo (16)—cannot be described by
thesemodels. Along the same line, the understanding of placental
concentration-time profiles enables modeling concentration-
effects profiles in the placental tissue, as the placenta is not
only a ‘transfer’ organ but an ‘active’ organ with endocrine
and metabolic functions. Hence, tissue-specific pharmacology
of a given drug within the placenta and potential interactions
with its endocrine synthesis and secretion of hormones (e.g.,
prostaglandins) may also affect fetal development and pregnancy
outcome (e.g., preterm induction of labor).

In the obstetric clinical pharmacology field, pharmacokinetic
data in pregnant women are sparse and data sharing can be
an important step to advance the development and validation
of PBPK models. Here, we used data on acetaminophen
pharmacokinetics in the umbilical cord from two clinical
studies (17, 18) to re-evaluate and refine a recently developed
maternal-fetal PBPK model (13, 19). In our previous work,
acetaminophen transfer across the placenta in the PBPK
model was informed based on published data from the ex
vivo cotyledon perfusion assay (20). Therefore, an in silico
cotyledon perfusion model was previously developed to learn the

transfer kinetics in the ex vivo cotyledon perfusion assay before
implementing them in the PBPKmodel. However, the previously
developed in silico cotyledon perfusion model consisted of 4
compartments only, namely the maternal and fetal reservoir and
the maternal and fetal tissue portions of the cotyledon (13).
It was therefore structurally different than the placental sub-
structure implemented in the PBPK model (see Figures 1, 2)
(19). Consequently, the parameters of the former model are not
directly transferable to the latter and hence translatability across
these models may not be guaranteed.

To this end, a novel in silico cotyledon perfusion model was
developed herein that constitutes a congruent, albeit minimized,
replicate of the placental structure implemented in the maternal-
fetal PBPK model. Additionally, it was intended that the novel
in silico cotyledon perfusion model better reflected the cotyledon
physiology so that potential drug accumulation in the tissue could
be considered in the simulations. Several parameters of the in
silico cotyledon perfusion model relevant to maternal-fetal drug
transfer were then optimized using previously published data for
acetaminophen. The optimization results were then transferred
into the PBPK model and the predicted pharmacokinetics in the
umbilical vein at delivery were re-evaluate using the pooled data
of Nitsche et al. (17) and Mehraban et al. (18).

MATERIALS AND METHODS

Software
PBPK models were built with PK-Sim R© and MoBi R© which
are available as open source tools through the Open Systems
Pharmacology (OSP) software, version 9.1, via GitHub (https://
github.com/Open-Systems-Pharmacology) (21). The software R,
version 3.6.3 (R Foundation for Statistical Computing, http://
www.r-project.org) was used for graphics creation and statistical
analysis. The R-package “ospsuite”, version 9.0.79 (https://github.
com/Open-Systems-Pharmacology/OSPSuite-R), was used to
conduct pharmacokinetic simulations in virtual populations of
pregnant women. The toolWebPlotDigitizer, version 4.0 (https://
automeris.io/WebPlotDigitizer/) was used to extract data from
figures and conversion into numerical format.

General Workflow
In our previous study, we successfully translated an
adult, non-pregnant PBPK model for acetaminophen
including its metabolites generated by uridine 5′-diphospho-
glucuronosyltransferase (UGT) 1A1, sulfotransferase (SULT)
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FIGURE 1 | Structure of the maternal-fetal PBPK model. Gray boxes

represent compartments of the physiologically based pharmacokinetic (PBPK)

model; solid arrows denote drug transport via the organ blood flow; dashed

arrows denote drug transport via passive diffusion; dash dotted lines denote

drug transport via gastrointestinal motility or the biliary excretion route.

1A1 and cytochrome-P-450 (CYP) 2E1 to pregnancy (13, 19).
The predicted acetaminophen pharmacokinetics in the maternal
blood were previously verified in the first trimester with
clinical data from Beaulac-Baillargeon and Rocheleau (22);
predicted acetaminophen pharmacokinetics in the maternal and
umbilical vein blood at delivery were previously evaluated
with data from Allegaert et al. (23) and Nitsche et al.
(17), respectively.

In this study, we developed a novel in silico cotyledon
perfusion model that is structurally equivalent with the placenta
implemented in the PBPK model. We used this in silico
cotyledon perfusion model to learn placental transfer kinetics of

acetaminophen by fitting relevant model parameters to observed
data obtained in the ex vivo perfusion cotyledon assay (20). Once
this model captured the observed ex vivo kinetics adequately, the
values of relevant model parameters were copied to the maternal-
fetal PBPK model. Note that the structure of the PBPK model
was not changed in this study and is thus consistent with the
structure of the PBPKmodel reported in our previous publication
(13). Thereafter, fetal pharmacokinetics were predicted in the
umbilical vein compartment of the PBPK model and predictions
were evaluated with clinical data from Nitsche et al. (17) and
Mehraban et al. (18).

In silico Cotyledon Perfusion Model
Description of the Model
A novel in silico cotyledon perfusion model structure,
schematically depicted in Figure 3, was developed that closely
reflects the physiological structure of the cotyledon ex vivo. Note
that the maternal intracellular compartment representing mainly
the decidua basalis is only present in the PBPK model, but not in
the in silico cotyledon perfusion model. Since the decidua is shed
off during childbirth, it is not part of the cotyledon tissue used
in the ex vivo experiment and only present in utero. Although
there will still be decidual remnants on the delivered placenta,
they come off during flushing and rinsing for experimental
preparation. Hence, the in silico cotyledon perfusion model
consists of seven compartments: The maternal perfusate in the
maternal reservoir and in the intervillous space of the cotyledon;
the intervillous interstitial compartment representing fibrous
tissue adhering to the cotyledon on the maternal-facing side; the
trophoblasts; the interstitial space representing fibrous tissue in
the fetal villous; and the fetal perfusate in the fetal villous and fetal
reservoir. Table 1 gives an overview of the tissue components
present in vivo/ex vivo and their corresponding compartments
in the in silico cotyledon perfusion model (Figure 3) and the
placental sub-structure of the PBPK model (Figure 2).

The ordinary differential equations (ODE) given in the
following were used in the novel in silico cotyledon perfusion
model. Note that in MoBi R©, the ODEs are first defined for
intercompartmental exchange processes in the passive transports
building block; during set-up of a simulation, the ODEs are then
generated for each compartment. In the following, the ODEs are
first introduced for each intercompartmental exchange transport
and then defined for the compartments.

The following equations were used to describe drug transfer
in perfusate between the maternal reservoir and the cotyledon
(Equation 1) and between the fetal reservoir and the cotyledon
(Equation 2):

dNM_perf

dt
= QM ×

(

CM_res − CM_perf

)

(1)

dNF_perf

dt
= QF ×

(

CF_res − CF_perf

)

(2)

Here, NM_perf and NF_perf denote the molar drug amount
in the maternal and fetal perfusate, respectively, that fills
the intervillous space of the cotyledon [µmol]; QM and QF

denote the flow rate of the perfusate in maternal and fetal
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FIGURE 2 | Structure of the placenta sub-model integrated in the maternal-fetal PBPK model. Gray boxes represent sub-compartments of the placenta structure

implemented in the maternal-fetal physiologically based pharmacokinetic (PBPK) model; dash-dotted boxes represent the vascular space; solid arrows denote drug

transport via the organ blood flow; and dashed arrows denote drug transport via passive diffusion. The maternal plasma and blood cell compartments represent the

intervillous space, and the maternal interstitial and intracellular space represent the placental septae and the decidua basalis, respectively. The fetal intracellular

compartment represents the (syncytio-)trophoblasts with the apical membrane facing the maternal plasma compartment and the basolateral membrane facing the

fetal interstitial compartment. The fetal interstitial space represents intravillous fibrous tissue and the plasma and blood cell compartments represent the intravillous

vascular system.

system, respectively [L/min]; CM_res and CF_res the molar
drug concentration in maternal and fetal perfusate in the
reservoir, respectively [µmol/L]; and CM_perf and CF_perf the
molar drug concentration in maternal and fetal perfusate in
the cotyledon, respectively [µmol/L]. QM and QF as well as
the volumes of the maternal and fetal reservoirs were set
to the values reported by Conings et al. (20); 14 mL/min
and 6 mL/min for the flow rate in the maternal and fetal
system, respectively; and 280 and 284mL for the maternal
and fetal reservoir volume. Drug amount was converted to
drug concentration by dividing the drug amount by the
compartment’s volume.

Drug transfer between maternal perfusate in the cotyledon
and intervillous interstitial space and fetal perfusate in the
cotyledon and intravillous interstitial space was described by
Equations 3, 4, respectively:

dN
M_int↔M_perf
M_int

dt
= fu × Pendo × SAM_perf : int ×

(

CM_perf −
CM_int

KM_int : perf

)

(3)

dN
F_int↔F_perf
F_int

dt
= fu_fetus × Pendo × SAF_perf : int ×

(

CF_perf −
CF_int

KF_int : perf

)

(4)

Here, N
M_int↔M_perf
M_int denotes molar drug amount in the

intervillous interstitial compartment when drug exchange is only
considered to occur between the intervillous interstitial space

and maternal perfusate in the cotyledon [µmol]; N
F_int↔F_perf
F_int

denotes molar drug amount in the intravillous interstitial
compartment when drug exchange is only considered to
occur between the intravillous interstitial space and fetal
perfusate in the cotyledon [µmol]; fu and fu_fetus denote
the drug’s fraction unbound in maternal and fetal perfusate,
respectively; Pendo is the drug’s permeability through the
endothelial membrane of blood vessels and was assumed
to be equal for maternal and fetal endothelial membranes
[dm/min]; SAM_perf : int and SAF_perf : int denote the surface area
between maternal perfusate and intervillous interstitial space
and fetal perfusate and intravillous interstitial space, respectively
[dm2]; CM_int and CF_int the molar drug concentration in
intervillous and intravillous interstitial space of the cotyledon,
respectively [µmol/L]; KM_int : perf is the intervillous interstitial-
to-perfusate partition coefficient of the drug; and KF_int : perf is
the intravillous interstitial-to-perfusate partition coefficient of
the drug.

The unbound fraction of acetaminophen was scaled from
an adult value of 0.82 (19) as described previously (24). The
bovine serum albumin concentrations present in the maternal
and fetal perfusate of the ex vivo cotyledon perfusion assay
were 40 and 30 mg/mL, respectively (20). This resulted in an
unbound fraction of 0.84 and 0.88 inmaternal and fetal perfusate,

Frontiers in Pediatrics | www.frontiersin.org 4 September 2021 | Volume 9 | Article 73352059

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Mian et al. Fetal-Maternal Acetaminophen PBPK Model

respectively. Permeability across the endothelial membrane in
the intervillous and intravillous space (Pendo) was assumed to be
not the rate-limiting step for tissue distribution and was hence
set to a value of 100 cm/min as has been done for other organ
compartments (except the brain) in whole-body PBPK models

FIGURE 3 | Structure of the ex vivo cotyledon perfusion model. Boxes

represent compartments of the novel ex vivo cotyledon perfusion model and

solid arrows denote drug transport via the perfusate flow or diffusion. The

cotyledon is highlighted as dashed box.

(24). Note that for drugs that are substrates to efflux transporters
expressed in the endothelial membrane, this rate may have to be
reduced. SAM_perf : int and SAF_perf : int were estimated by scaling
the local surface area from the cotyledon volume assuming that
organ structure is geometrically similar among species (24). The
volumes of the intervillous and intravillous cotyledon fraction
were assumed to be 23 and 35mL, respectively (25). KM_int : perf

was calculated from the biochemical tissue composition of the
cotyledon and the drug’s physicochemical properties using the
equation published by Schmitt (26). Values for the biochemical
composition of the placenta have been reported previously (27).
Finally, KF_int : perf was calculated accordingly, except that the
fraction unbound in the original equation by Schmitt (26) was
replaced by the fetal fraction unbound (Equation 5):

KF_int : perf =



f intwater +
f intprotein

f
perf
protein

×

(

1

fu_fetus
− f

perf
water

)



× fu_fetus (5)

In this equation, f intwater and f
perf
water denote the fractional

water content in intravillous interstitial space and perfusate,

respectively; and f intprotein and f
perf
protein the fractional protein content

in intravillous interstitial space and perfusate, respectively. f intwater

was assumed to be the same than for the intervillous interstitial
space [0.935 (28)] and f

perf
water was assumed to be similar to the

fractional volume content reported for plasma [0.926 (28)]. The

value for the ratio
f intprotein

f
perf
protein

in the ex vivo cotyledon was assumed to

be the same as in adult tissue [0.37 (26)].
Intravillous drug transfer between interstitial and intracellular

space (i.e., the trophoblasts) was described by Equation 6:

dNF_cell↔F_int
F_cell

dt
= P × SAF_int : cell ×

(

KF_water : int × CF_int − KF_water : cell × CF_cell

)

(6)

Here, NF_cell↔F_int
F_cell

denotes molar drug amount in the
intracellular space when drug exchange is only considered
to occur between the intracellular and intravillous interstitial

TABLE 1 | Overview of different tissue components and their corresponding compartments in the novel in silico cotyledon perfusion model and the PBPK model.

Physiological tissue component Compartment name in the novel in

silico cotyledon perfusion model

Compartment name in the PBPK model

Maternal blood in the intervillous space of the

cotyledon

Maternal perfusate in the cotyledon Plasma and blood cells in the maternal part of the placenta

Placental septae Intervillous interstitial Interstitial space in the maternal part of the placenta

Decidua basalis NAa Intracellular space in the maternal part of the placenta

(Syncytio)trophoblasts Trophoblasts Intracellular space in the fetal part of the placenta

Fibrous tissue in the fetal villi Intravillous interstitial Interstitial space in the fetal part of the placenta

Fetal blood in the blood capillaries of the fetal villi Fetal perfusate in the cotyledon Plasma and blood cells in the fetal part of the placenta

aDuring childbirth the decidua basalis is shed off and hence not present in the ex vivo cotyledon.
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compartment [µmol]; P is the drug’s membrane permeability
[dm/min] which was calculated from the drug’s effective
molecular weight and lipophilicity as described elsewhere
(24); SAF_int : cell is the surface area between the intravillous
interstitial space and the intracellular space (i.e. trophoblasts)
[dm2]; KF_water : int the partition coefficient between water and
intravillous interstitial space; KF_water : cell the partition coefficient
between water and intracellular space of the trophoblasts;
and CF_cell the molar drug concentration in the trophoblasts
[µmol/L]. The local surface area in this equation was calculated
as already described above. KF_water : int and KF_water : cell were
expressed as follows:

KF_water : int =
fu_fetus

KF_int : perf
(7)

KF_water : cell =
fu_fetus

KF_cell : perf
(8)

where KF_int : perf is calculated according to the Equation 5 and
KF_cell : perf according to the cell-to-plasma partition coefficient
equation. In the developed in silico cotyledon perfusion model,
several equations were implemented to calculate these partition
coefficients from the biochemical tissue composition of the
placenta (27) and the drug’s physicochemical properties using,
namely the PK-Sim Standard equation (29) and the equations
proposed by Schmitt et al. (26), Rodgers et al. (30, 31), and
Poulin et al. (32, 33). For acetaminophen, the partition coefficient
equation by Rodgers et al. (30, 31) was used. Note that in the
presented model, KF_cell : perf was included as global parameter
that used per default the maternal fraction unbound; to correct
for the fetal fraction unbound, KF_cell : perf was multiplied by
the ratio of fetal-to-maternal fraction unbound. Hence, inserting
Equations 5, 7, 8 into Equation 6 as well as correcting for the fetal
fraction unbound yields Equation 9 which was implemented in
the model:

dN
F_cell↔Fint
F_cell

dt
= P × SAF_int : cell

×



CF_int ×



f intwater +
f intprotein

f
perf
protein

×

(

1

fu_fetus
− f

perf
water

)





−1





−CF_cell ×
fu_fetus

KF_cell : perf ×
fu_fetus
fu



 (9)

Or, alternatively and in a shorter form (Equation 10):

dN

dt
= P × SAF_int : cell

×

(

CF_int ×
fu_fetus

KF_int : perf
− CF_cell ×

fu

KF_cell : perf

)

(10)

Finally, maternal-fetal drug transfer across the apical side of
the trophoblast was modeled between maternal perfusate in the

intervillous space and the trophoblasts using Equation 11:

dN
F_cell↔M_perf

F_cell

dt
= P × SAvilli × fu

×

(

fin × CM_perf − fout ×
CF_cell

KFM_cell : perf

)

(11)

In this equation, N
F_cell↔M_perf

F_cell
denotes molar drug amount in

the intracellular space when drug exchange is only considered
to occur between the intracellular space and maternal perfusate
in the cotyledon [µmol]; SAvilli is the surface area of the
fetal villi at the interface of maternal perfusate in the
cotyledon and trophoblasts [dm2]; fin and fout are factors
modifying the influx and efflux permeability of the drug (i.e.
in maternal→fetal and fetal→maternal direction), respectively;
and KFM_cell : perf is the drug’s partition coefficient between fetal
intracellular space (trophoblasts) and maternal perfusate in
the cotyledon.

Per default, fin and fout in Equation 11 are set to 1 (i.e.
equal permeability in both directions). SAvilli was estimated
by diving the absolute surface area of all fetal villi in the
term placenta, ∼1178 dm2 (27), by the average number of
cotyledons in the placenta which varies around 35 at term
(34). The drug’s permeability across the trophoblasts’ membrane
was calculated from the drug’s effective molecular weight and
lipophilicity as described elsewhere (24) resulting in a value
of 4.29 · 10−2 cm/min for acetaminophen. KFM_cell : perf was
estimated as described above, i.e. according to the method
described by Rodgers et al. (30, 31). Of note, the value of
KFM_cell : perf in Equation 11 is similar to that of KF_cell : perf

in Equation 10 because both partition coefficients refer to the
same intracellular compartment (trophoblast). KFM_cell : perf is
located at the apical membrane and KF_cell : perf at the basolateral
membrane of the trophoblasts.

Hence, combining the ODEs above for the specific
intercompartmental exchange processes gives the full ODE
system of the novel in silico cotyledon perfusion model:

dt





















NM_res

NM_perf

NM_int

NF_cell

NF_int

NF_perf

NF_res





















= E





















CM_res

CM_perf

CM_int

CF_cell

CF_int

CF_perf

CF_res





















(12)

Here, N and C denote molar drug amount [µmol] and molar
drug concentration [µmol/L] in the compartment specified by
the subscript and E describes the intercompartmental drug
exchange processes that have been specified in Equations 1–11.
More specifically, E can be written as the following 7× 7 matrix:
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                 (1
3) Model Optimization

After the model has been implemented as described above, it was
used to simulate acetaminophen concentrations in the maternal
and fetal reservoir. Model parameters relevant for placental drug
transfer, namely fin, fout and the placental partition coefficients
(KFM_cell : perf on the apical side and KF_cell : perf on the basolateral
side of the trophoblast), were optimized to better capture the
observed data reported by Conings et al. (20). More specifically,
the following optimization scenarios were tested:

• Optimizing symmetrical drug transfer: fin and fout were both
fitted together so that the permeability in maternal→fetal and
fetal→maternal direction was modified by the same factor.

• Optimizing asymmetrical drug transfer: fin and foutwere fitted
separately from each other, resulting in different permeability
values in maternal→fetal and fetal→maternal direction.

• Optimizing symmetrical drug transfer and the placental
partition coefficients: In addition to fitting fin and fout together,
KFM_cell : perf and KF_cell : perf were also fitted together (i.e. both
partition coefficients had the same fitted value). Hence, the
permeability in maternal→fetal and fetal→maternal direction
was modified by the same factor as were the partition
coefficients. Fitting KFM_cell : perf and KF_cell : perf facilitated
changes in intracellular drug concentrations (e.g., causing
drug accumulation in the trophoblasts).

• Optimizing asymmetrical drug transfer and the placental
partition coefficients: fin and fout were fitted separately
from each other, while KFM_cell : perf and KF_cell : perf were
fitted together (i.e. both partition coefficients had the same
fitted value). This resulted in different permeability values
in maternal→fetal and fetal→maternal direction and in
modified additionally intracellular drug concentrations.

Parameter optimizations were conducted using the built-in
module in MoBi R© and the Monte-Carlo algorithm. All observed
data [in total 18 data sets comprising 455 data values (20)] were
included in the parameter optimization.

Fetal-Maternal PBPK Model for
Acetaminophen
Description of the Model
After training the novel in silico cotyledon perfusion model
to learn placental transfer kinetics of acetaminophen from the
ex vivo cotyledon perfusion data, the fitted parameter values
were copied to the PBPK model to predict acetaminophen
pharmacokinetics in the umbilical vein at delivery. The structure
of this whole-body model is schematically shown in Figure 1

and the sub-structure of the placenta implemented in that model
is depicted in Figure 2. In this placental sub-structure, the
maternal plasma and blood cell compartments represent together
the intervillous space, the maternal interstitial represents the
placental septae and the maternal intracellular space represents
the decidua basalis which is distorted during labor-induced
contraction of the myometrium and eventually destroyed
by the hemorrhages during delivery. The fetal intracellular
compartment represents the (syncytio-)trophoblasts with the
apical membrane facing the maternal plasma compartment
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TABLE 2 | Patient characteristics.

Study by Nitsche

et al. (17)

Study by Mehraban

et al. (18)

No. of patients 34 43

Maternal age [years] 32 [25–39] 30 [20–35]

Maternal weight [kg] 82 [62–100] 76 [46–136]

Maternal height [cm] not reported 178 [149–209]

Gestational age at delivery

[weeks]

39 [38–40] 39 [37–41]

Data are expressed as median [range].

and the basolateral membrane facing the fetal interstitial
compartment. The fetal interstitial space represents intravillous
fibrous tissue and the plasma and blood cell compartments
represent the intravillous vascular system.

The PBPK model was corrected for the drug’s unbound
fraction in fetal compartments. Unbound maternal and fetal
fraction of acetaminophen were calculated from the albumin
plasma concentrations using a previously reported function (24).
For the mother, albumin plasma concentrations were calculated
for each patient’s gestational age (27), while for the fetus, a
concentration of 32 g/L was used as has been reported for the
gestational age range from 35 to 38 weeks (35). Placental transfer
parameters in the PBPK model were replaced with the fitted
values from the in silico cotyledon perfusion model (see section
Model Optimization). Of note, while the permeability across the
placenta in the PBPK model was the same as in the in silico
cotyledon perfusionmodel (4.29 · 10−2 cm/min), the transfer rate
in the PBPKmodel was scaled with the villi surface area resulting
thus in a larger transfer clearance for the total placenta compared
to the cotyledon. All other model parameters were kept the same
as published previously (13, 19).

Model Simulations
Pharmacokinetics were predicted in the venous plasma of the
umbilical cord. For each patient, a virtual population of 100
pregnant women with the patient’s body weight and height as
well as gestational week was created using the population creation
algorithm of the R-package ‘ospsuite’. Unfortunately, the study
by Nitsche et al. (17) did not report the individual body weight
and height of each patient and, thus, a virtual population with
standard body weight at term delivery (24) was used for the
simulations. The population simulation results for all patients
were pooled for calculation of the overall median and percentiles
and for further analysis.

Patients and Data
Nitsche et al. (17) studied maternal and fetal pharmacokinetics
in 34 women without medical or obstetrical complications
following a single oral dose of 1,000mg acetaminophen upon
admission for scheduled cesarean delivery. Patient characteristics
are listed in Table 2. Pharmacokinetic data were extracted from
the concentration-time profile figure published by Nitsche et al.
(17). From the 34 women, only 28 data values could be extracted.

Additional concentration data in the umbilical cord were
obtained from the study by Mehraban et al. (18). From the
121 patients with intrapartum fever of whom blood samples
were collected in this study, we included the 45 patients who
received a single oral dose of 1,000mg acetaminophen. Two
additional patients were excluded from our analysis because of
unusually high acetaminophen concentrations in the umbilical
cord which we attributed to documentation errors (the umbilical
vein concentrations of these patients were 14.5 and 3.1 mg/L
at 18 and 55 h after dose administration). Characteristics of the
patients included in our analysis are listed in Table 2.

Few measured concentrations in the study by Mehraban et al.
(18) fell below the lower limit of quantification (LLOQ). These
data were included as LLOQ/2 in this analysis. It has to be noted
that in the study byMehraban et al. (18), maternal concentrations
were not measured.

PBPK Model Evaluation
Predicted concentrations in the umbilical vein were visually
compared to clinical data obtained from clinical studies.
Additionally, goodness-of-fit plots depicting predicted vs.
observed concentrations and residuals vs. time plots were created
and the mean prediction error (MPE) and mean absolute
prediction error (MAPE) were calculated.

Ethics
Ethics and study registration related aspects are clearly
mentioned in the original publications (17, 18) that served as
source of this refinement effort, and no additional registration or
procedures were needed.

RESULTS

In silico Cotyledon Perfusion Model
Of the four tested optimization scenarios, optimizing
asymmetrical drug transfer and the placental partition
coefficients yielded the lowest simulation error. The fitted
value ± 95% confidence interval for the placental partition
coefficients, KFM_cell : perf and KF_cell : perf , was 4.31 ± 0.57
[vs. 0.76 when being estimating according to the method
described by Rodgers et al. (30, 31)] resulting in a substantial
amount of acetaminophen accumulating in the trophoblasts of
the cotyledon.

The fitted values ± 95% confidence intervals for fin and
fout were 0.060 ± 0.0058 and 0.051 ± 0.0061, respectively.
This resulted in permeability values in maternal→fetal and
fetal→maternal direction of 2.56 × 10−3 and 2.18 × 10−3

cm/min, respectively, vs. 4.29 × 10−2 cm/min when the
permeability was estimated from the physicochemical properties
of acetaminophen. Figure 4 presents the observed and simulated
concentration-time profiles of acetaminophen in maternal and
fetal perfusate in the reservoirs of the ex vivo cotyledon
perfusion assay.

The results of a local sensitivity analysis are presented in
Figure 5. In this figure, simulation results are shown when
KFM_cell : perf and KF_cell : perf were set to 0.76 [i.e., the value
estimated according to the method described by Rodgers et al.
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FIGURE 4 | Observed and simulated concentration time profiles in the novel ex vivo cotyledon perfusion model. In each experiment, acetaminophen was either

administered to the fetal reservoir (A–D) or maternal reservoir (E–N) at time = 0h. The initial concentration was 10 mg/L in all experiments (to reflect clinically relevant

concentrations); each panel refers to an individual experiment. All experiments were conducted under similar conditions. Observed data were taken from Conings et

al. (20).

(30, 31)], 2.5, and 4.31 (i.e., the fitted value). All other model
parameter values were kept unchanged in this sensitivity analysis.
Pooled over all individual experiments, the MPE was 375%, 131,
and −62.6% when using placental partition coefficient values of
0.76, 2.5, and 4.31, respectively.

PBPK Model Evaluation
Figure 6 presents the concentration-time profile predicted in the
umbilical vein together with the clinical data reported by Nitsche
et al. (17) andMehraban et al. (18). The observed inter-individual
variability, especially in the data reported by Mehraban et al.
(18), was considerably larger than the predicted variability. For
the pooled data sets, MPE and MAPE were 24.7 and 68.7%,
respectively. For the data reported by Nitsche et al. (17), MPE
and MAPE were −10.4 and 29.9%, respectively; and for the data

reported by Mehraban et al. (18), MPE and MAPE were 49.3 and
96.0%, respectively.

Figure 7 presents the goodness-of-fit plot and the residuals
plotted against time. For the pooled data sets, 50 (81%) out of 62
concentration values were predicted within a 2-fold error range
(excluding values below LLOQ). For the data reported by Nitsche
et al. (17), 25 (89%) out of 28 concentrations were predicted
within the 2-fold error range, whereas for the data reported by
Mehraban et al. (18), 25 (74%) out of 34 concentrations that were
above LLOQ were predicted within that range.

DISCUSSION

The ex vivo cotyledon perfusion assay is often used to quantify
drug transfer across the placenta and the results obtained from
this assay can be leveraged in a PBPK modeling framework
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FIGURE 5 | Local sensitivity analysis for the placental partition coefficients (KFM_cell :perf and KF_cell :perf ). In each experiment, acetaminophen was either administered to

the fetal reservoir (A–D) or maternal reservoir (E–N) at time = 0 h. The initial concentration was 10 mg/L in all experiments (to reflect clinically relevant concentrations);

each panel refers to an individual experiment. All experiments were conducted under similar conditions. Observed data were taken from Conings et al. (20).

(36). While the previously developed in silico cotyledon
perfusion model for acetaminophen directly links maternal
with fetal perfusate (13), the PBPK model separates maternal
from fetal blood plasma by interposing the fetal intracellular
compartment (representing the trophoblasts) and the fetal
interstitial compartment (representing stroma tissue in the fetal
villi) (19). Owing to these structural differences, parameters
in the in silico cotyledon perfusion model did not translate
directly to parameters in the PBPK model. For example, the
partition coefficient between maternal and fetal perfusate in
the former model did not have an equivalent parameter in
the PBPK model. Hence, this study aimed at developing an
in silico cotyledon perfusion model with a more physiologic
representation of the cotyledon and a compartmentalization
of different tissue portions. Subsequently, this model was
optimized to simulate published data for acetaminophen (20).

Several parameters relevant to maternal-fetal drug transfer were
optimized in this model and the best optimization results were
then transferred into a previously developed whole-body PBPK
model for acetaminophen (13, 19) to predict pharmacokinetics
in the umbilical vein at delivery. The predictive performance of
the PBPK model was then assessed with clinical data reported by
Nitsche et al. (17) and Mehraban et al. (18).

The developed in silico cotyledon perfusion model consisted
of seven compartments (Figure 3). It could be argued that the
fetal compartment is missing the fetal endothelial cells since
they represent an additional barrier to diffusion into the fetal
plasma and blood cells which may become relevant, especially
when it constitutes the rate-limiting step for drug distribution
into the fetal reservoir. In this case, this barrier could be
technically simulated by reducing the permeability across the
endothelial membrane in the intravillous space (Pendo). This
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also applies to drugs that are substrates to efflux transporters
expressed in the endothelial membrane. While the transfer rate
across the endothelial cells could be technically simulated, drug
accumulation in the endothelial cells cannot be described by
this model. For this case, a structural refinement of the model
is necessary.

Data measured in the ex vivo cotyledon perfusion assay for
acetaminophen (20) were used to optimize the model so that
the observed data could be adequately reproduced (Figure 4).
Obviously, the volume of the cotyledon [23 and 35mL for
the intervillous and intravillous cotyledon fraction, respectively
(25)] appeared not always correctly parameterized since some
simulations overestimated the observed concentrations at
time point zero (see e.g., Figure 4E), although experimental

Time [h]

U
m

b
il
ic

a
l 
c
o

rd
 c

o
n

c
e
n

tr
a
ti

o
n

 [
m

g
/L

]

1

10

0 4 8 12

predicted median

predicted 5 − 95th percentile range

observed data from Mehraban et al.

observed data from Nitzsche et al.

LLOQ for data from Mehraban et al.

FIGURE 6 | Concentration time profiles for acetaminophen in the umbilical

cord. Blue and red circles indicate observed clinical data reported by Nitsche
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lower limit of quantification (LLOQ), shown as dashed line, are included as
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sampling or measurement errors could also have given rise to
these deviations.

It was observed that when increasing the placental partition
coefficients, steady state acetaminophen concentrations in the
maternal and fetal reservoir were slightly better simulated as
indicated by the lower MPE, although the overall effect of
higher placental partition coefficients on the concentrations
in the reservoirs was rather small (Figure 5). The results of
the sensitivity analysis (Figure 5) indicated that the measured
acetaminophen concentrations in the maternal and fetal
reservoirs were somewhat sensitive when accumulation in the
trophoblasts was increased. Hence, the information content
in these data was rather limited and results should be
interpreted considering this uncertainty. Even though some
uncertainty with respect to acetaminophen accumulation in
the trophoblasts remains, the model simulations, especially
the simulated steady state concentrations in the reservoirs,
improved when acetaminophen was, at least to some extent,
‘removed’ from the reservoirs by either shifting it into other
compartments (e.g., the trophoblasts) or completely removing
it from the system. In the ex vivo experiment, this could
have been caused by either accumulation in the cotyledon, by
binding to the experimental equipment (e.g., the inner wall
of the tubes) or by the loss of acetaminophen due to e.g.,
the sampling procedure or metabolism in the cotyledon. Here,
rather than modeling acetaminophen metabolism, the partition
coefficients KFM_cell : perf and KF_cell : perf were fitted allowing
an accumulation in the trophoblasts. The fitted value (4.31)
indicated that simulated acetaminophen concentrations at steady
state are more than 4-fold greater in the trophoblasts vs. the
maternal perfusate. Although various clinical studies have shown
that several drugs accumulate in placental tissue, including
ciprofloxacin (37), sildenafil (38), and tacrolimus (39), it is
unclear whether acetaminophen also accumulates in placental
tissue. If so, acetaminophen might affect prostaglandin synthesis
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in the placenta, and subsequent fetal exposure with potentially
deleterious effects on fetal development, future studies may
further investigate this point.

However, metabolism could, at least partly, also be an
explanation why the amount of acetaminophen in the maternal
and fetal perfusate at steady state was lower than initially
expected. Acetaminophen is predominantly metabolized by
members of the UGT1A subgroup (mainly UGT1A1), members
of the SULT1A subgroup (mainly SULT1A1), whereas a very
minor extent is metabolized by CYP1A2, 2E1 and 3A4 to the toxic
metabolite N-acetyl-p-benzoquinone imine (NAPQI). Although
expression studies show somewhat conflicting results, it appears
that most of these enzymes, including UGT1A, CYP1A2, and
CYP2E1, can only be detected in placentae collected in the
first trimester, but not in term placentae, whereas CYP3A4 is
expressed, but apparently not functionally active in the term
placenta (40, 41). SULT1A was reported to be expressed and
active in the term placenta (42). However, Conings et al. (20)
observed that during ex vivo cotyledon perfusion experiments
with acetaminophen, the phase II metabolites acetaminophen
glucuronide and sulfate could not be detected, whereas in
perfusion experiments with acetaminophen glucuronide and
sulfate, back-conversion to acetaminophen (deglucuronidation
and desulfation) seemed to occur. Hence, placental metabolism
of acetaminophen—and the potential conversion of phase
II metabolites to the parent compound—is currently poorly
understood. This aspect should be further investigated in
future studies to disentangle acetaminophen accumulation and
metabolism in the placenta as well as formation from its phase
II metabolites. Accounting (even partially) for metabolism could
improve the value of the model. This issue could potentially be
addressed more specifically when selecting another drug with a
better characterization of its placental metabolism profile.

The presented model enables to explore the concentration-
time and concentration-effect profiles in placental tissue. To
illustrate the relevance of this construct, with acetaminophen
as example, we should be aware that the placenta is also
a highly active secreting endocrine organ. This includes
prostaglandins secreted to the fetal circulation to ensure
high prostaglandin exposure throughout fetal life. In the
event of transient placental acetaminophen accumulation, it
is likely that this will affect prostaglandin synthesis, and
subsequent fetal exposure. This may provide additional insight
in the side effects associated with maternal acetaminophen
(neurodevelopmental, fetal patent ductus constriction, atopy,
fertility) intake during pregnancy, in addition or besides the
subsequent fetal acetaminophen exposure (43–46). Finally,
the concept of accumulation in placental tissue as observed
for different compounds, and integrated in the current
PBPK model should stimulate researchers to also consider
conducting ex vivo cotyledon perfusion studies in both naïve
as well as in placentas already exposed to a given compound
before delivery.

The maternal-fetal PBPK model was used in a second step
to predict acetaminophen concentrations in the umbilical cord
at delivery. It was assumed that, apart from the pregnancy-
induced physiological changes, neither labor nor the patient’s

condition (e.g., intrapartum maternal fever) would influence
acetaminophen pharmacokinetics. The only adjustment related
to labor and/or drugs administered in the peripartum period,
such as opioids, was the 3-fold increase in gastric emptying time
in the model as discussed previously (13). While all patients
in the dataset by Mehraban et al. (18) received epidurals,
pharmacokinetic data for the mother were not measured. The
maternal pharmacokinetic data reported by Nitsche et al. (17)
suggest that a 3-fold increase in gastric emptying time in the
PBPKmodel is adequate to capture the data (13). Similar findings
were also reported by Mendes et al. (9), although the authors
changed the absorption rate and not gastric emptying time in
their PBPK model.

The prediction results indicated that acetaminophen
pharmacokinetics in the umbilical vein were overall
satisfactory (Figure 6). However, inter-individual variability
was substantially underestimated. This findings is not surprising
because the physiological variability implemented in the PBPK
model was derived from healthy pregnant women who were not
in labor (27). Obviously, relatively little data is available that
quantifies inter-individual variability in relevant physiological
parameters (gastric emptying, organ blood flows, glomerular
filtration rate etc.) during labor and hence the integration of
physiological variability in PBPK models can at best be driven
by plausible assumptions that are subsequently evaluated with
clinical data. The predicted median concentration-time profile
captured the observed data reasonably, though, as indicated
by the relatively small MPE of 25.9%. Future studies should
hence focus on reasonably capturing the large variability.
This might also help assessing whether e.g., the two patients
excluded from this analysis should really be treated as outliers
(or documentation errors) or whether the unusually high
concentrations from these patients could be attributed to e.g.,
variations in placental permeability as a consequence of labor,
concomitant drug intake and/or diseases.

Unfortunately, observed maternal concentration data were
not available for all patients. Such data could have helped
better identifying the reasons why for some patients the fetal
concentrations were rather poorly predicted. For example, a
relatively large proportion of the fetal concentrations reported
by Mehraban et al. (18) fell below the LLOQ. Without
corresponding maternal data, is it difficult to determine whether
acetaminophen poorly crossed the placenta barrier in these
patients or whether maternal pharmacokinetics (e.g., delayed
absorption or very fast metabolism) were responsible for the
low fetal concentrations. A disease-related effect on placental
drug transfer might, at least to some extent, explain the low
concentrations in the umbilical cord. From the 43 patients
included in this analysis, three were hypertensive and four
additional patients were diabetic. Both conditions appear to
be associated with impaired uteroplacental blood flow (47,
48). Additionally, it has been found that placentae from
pregnancies complicated by gestational diabetes, especially if
poorly controlled, show a decrease in the fluidity and a
thickening of the syncytiotrophoblasts’ membrane (49–51).
These alterations could, at least partly, reduce placental drug
transfer. In fact, from the seven hypertensive or diabetic patients
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included in this analysis, five umbilical cord samples yielded
concentrations below the LLOQ, whereas the concentrations
from the other hypertensive or diabetic patients did not appear
to differ from the remaining data. Interestingly, although one of
the two patients excluded from this analysis was also suffering
from gestational hypertension, the umbilical cord concentration
obtained from this patient was unusually high (3.1 mg/L at
55 h) which seems inconsistent with a reduced placental drug
transfer. Still, these considerations illustrate that the influence of
diseases on the physiology in pregnant women should ideally be
integrated in PBPK models, if applied to a clinical setting.

Several limitations pertain to the presented findings and
models. In the in silico cotyledon perfusion model, many
parameters could not be adequately identified, and hence
biologically plausible assumptions had to be made. For
example, the biochemical tissue composition of the placenta
and cotyledon—a relevant input parameter for estimating the
partition coefficients—was assumed to be similar. Currently,
information is lacking in the scientific literature that would allow
are more detailed discrimination of the biochemical composition
of intervillous and intravillous structures in the placenta. Also,
enzyme expression and drug metabolism in the placenta was
not accounted for in the models. Kinetic data of acetaminophen
metabolites measured in the ex vivo cotyledon perfusion assay
could be used to assess enzyme abundance in the placenta,
although this is complicated by the apparent back-conversion of
metabolites to the parent compound (20). Additionally, results
of the parameter optimization suggested some identification
difficulties when fitting the parameters. In fact, fin and fout
showed a relative strong correlation with the partition coefficients
indicating that either the permeability or the partitioning should
be ideally fixed to avoid non-identification issues. Further studies
are needed to better inform these parameter separately.

In conclusion, this study presents a novel in silico cotyledon
perfusion model consisting of seven compartments that can be
used to mechanistically investigate placental drug transfer. The
structure of this model is congruent with that of the placental
compartments in the maternal-fetal PBPK model which allows
a direct transfer of parameters from the former in the latter
model. While the time of delivery will determine the time of
collection of paired samples, at least the maternal part of a
study protocol can be informed by predictions based on PK

models, including PBPK models. The simulated accumulation
of acetaminophen in the trophoblasts of the presented model
might be of concern as this could potentially affect prostaglandin
synthesis and subsequently fetal exposure to prostaglandins.
Yet, it should also be stressed again that the measured drug
concentrations in the maternal and fetal reservoirs were only to a
limited extent informative of accumulation in the trophoblasts,
as indicated by the sensitivity analysis result. Further studies
should investigate potential accumulation as well as placental
metabolism of acetaminophen.

The developed in silico cotyledon perfusion model is freely
shared on OSP GitHub (https://github.com/Open-Systems-
Pharmacology) for further applications and/or refinements that
were beyond the scope of this study. Importantly, due to the
mechanistic nature of the developed models, predictions can,
in principle, be scaled to earlier stages of pregnancy (at least to
the early second trimester when the formation of the placental
barrier is completed). As clinical data are difficult to obtain at
earlier stages of pregnancy, PBPK modeling approaches may
constitute a potentially powerful tool to evaluate and investigate
placental drug transfer and ultimately improve pharmacotherapy
in pregnant women.
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Background: Alterations in plasma protein concentrations in pregnant and postpartum

individuals can influence antiretroviral (ARV) pharmacokinetics. Physiologically-based

pharmacokinetic (PBPK) models can serve to inform drug dosing decisions in

understudied populations. However, development of such models requires quantitative

physiological information (e.g., changes in plasma protein concentration) from the

population of interest.

Objective: To quantitatively describe the time-course of albumin and α1-acid

glycoprotein (AAG) concentrations in pregnant and postpartum women living with HIV.

Methods: Serum and plasma protein concentrations procured from the International

Maternal Pediatric Adolescent AIDS Clinical Trial Protocol 1026s (P1026s) were analyzed

using a generalized additive modeling approach. Separate non-parametric smoothing

splines were fit to albumin and AAG concentrations as functions of gestational age or

postpartum duration.

Results: The analysis included 871 and 757 serum albumin concentrations collected

from 380 pregnant (∼20 to 42 wks gestation) and 354 postpartum (0 to 46 wks

postpartum) women, respectively. Thirty-six and 32 plasma AAG concentrations

from 31 pregnant (∼24 to 38 wks gestation) and 30 postpartum women (∼2–13

wks postpartum), respectively, were available for analysis. Estimated mean albumin

concentrations remained stable from 20 wks gestation to term (33.4 to 34.3 g/L);
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whereas, concentrations rapidly increased postpartum until stabilizing at ∼42.3 g/L 15

wk after delivery. Estimated AAG concentrations slightly decreased from 24wks gestation

to term (53.6 and 44.9 mg/dL) while postpartum levels were elevated at two wks after

delivery (126.1 mg/dL) and subsequently declined thereafter. Computational functions

were developed to quantitatively communicate study results in a form that can be readily

utilized for PBPK model development.

Conclusion: By characterizing the trajectory of plasma protein concentrations in

pregnant and postpartum women living with HIV, our analysis can increase confidence in

PBPK model predictions for HIV antiretrovirals and better inform drug dosing decisions

in this understudied population.

Keywords: albumin, α1-acid glycoprotein, pregnancy, postpartum, HIV, PBPK

INTRODUCTION

The Panel on Treatment of PregnantWomen with HIV Infection
and Prevention of Perinatal Transmission recommends that
all pregnant individuals1 living with HIV initiate or maintain
antiretroviral (ARV) therapy throughout pregnancy regardless
of plasma HIV RNA or CD4 count (1). During the course
of pregnancy, a myriad of anatomical and physiological
changes occur that can lead to substantial alterations in
ARV drug disposition (2, 3). Correspondingly, use of
standard adult dosages in pregnant individuals may result
in inappropriate drug exposures. Ensuring optimal ARV
therapy in pregnant individuals living with HIV confers
several benefits including preventing toxicity to both the
mother and fetus, decreasing the risk of the development
of drug resistance, maintaining viral suppression during
pregnancy, and preventing mother-to-child HIV transmission
(4). Nonetheless, many drugs have yet to be adequately studied
in this population.

Physiologically based pharmacokinetic (PBPK) modeling
is an approach that has the potential to provide a priori
predictions of drug disposition in understudied populations,
such as pregnant individuals. By incorporating biologically
relevant physiological parameters, models may inform the design
of clinical trials in pregnancy and provide estimates on when
and to what extent dose adjustments might be needed (5, 6).
Owing to the distinct anatomical and physiological differences
between pregnant and non-pregnant individuals, several research
groups have developed population PBPK models for pregnant
individuals (7, 8). Notably, physiological information used to
inform such models are predominately derived from Caucasian
individuals with low-risk pregnancies. In comparison, pregnant
individuals living with HIV represent a demographically diverse
population (9). Such individuals typically receive multiple
concomitant medications (10). Yet, quantitative physiological
information on parameters influencing drug disposition in

1This article uses the term “pregnant individuals” to refer to all persons who can

become pregnant regardless of gender identity. The terms “pregnant women living

with HIV (PWLH)” and “postpartumwomen” are used in theMethods and Results

section of the article because IMPAACT 1026s protocol specified that women were

to be enrolled.

pregnant individuals living with HIV is limited. Consequently,
currently published population PBPK models may not fully
reflect the underlying physiology of pregnant individuals living
with HIV.

Differences in plasma protein concentrations between
individuals can lead to pronounced changes in fractions
of unbound drug in plasma and subsequent alterations in
systemic drug disposition, particularly for drugs that exhibit
high degrees of plasma protein binding (>90% protein
binding) (11, 12). Albumin and α1-acid glycoprotein (AAG)
represent the two major plasma proteins responsible for
binding of a majority of exogenously administered compounds
(13). Literature reports evaluating gestational changes in
plasma protein concentrations in pregnant individuals
have been well-documented in the literature (14–16).
However, due to a lack of information specific to pregnant
individuals living with HIV, it remains unclear if historical
data derived from individuals without HIV infection can
be used to inform the development of PBPK models for
this population.

After delivery, many of the physiologic changes associated
with pregnancy take weeks to months to revert to their pre-
pregnancy baseline (17). Studies on antibiotic pharmacology have
demonstrated marked alterations in drug pharmacokinetics (PK)
between early (2–3 days post-delivery) and late (>4months post-
delivery) postpartum periods (18, 19). Yet, few PBPK models
have specifically been developed to estimate drug PK during
this unique physiologic period (17). To inform the development
of PBPK models capable of informing ARV dosing decisions
in postpartum individuals living with HIV, data are needed to
describe the physiological transition following delivery back to
a non-pregnant state. Considering the important influence that
plasma protein binding exerts on systemic drug disposition, this
study sought to (1) quantitatively describe the time-course of
serum/plasma protein concentrations (i.e., albumin and AAG) in
pregnant and postpartum women living with HIV, (2) compare
concentrations to values reported in pregnant and postpartum
women without HIV infection, and (3) generate computational
functions that describe the trajectory of serum/plasma protein
concentrations in pregnant and postpartum women living with
HIV to inform the prospective development of PBPK models.
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MATERIALS AND METHODS

Data Source
Our analysis evaluated serum and plasma protein concentrations
procured from the International Maternal Pediatric Adolescent
AIDS Clinical Trial (IMPAACT) Protocol 1026s (P1026s), a
multicenter, multi-arm, open-label prospective opportunistic
study of ARV and tuberculosis medications in pregnant
and postpartum women (20). Pregnant women living with
HIV (PWLH) as well as postpartum women receiving ARV
medications as specified by the study protocol were eligible
for enrollment. Each participant’s ARV regimen was prescribed
and managed by their treating physician. Key inclusion criteria
during pregnancy included confirmed HIV diagnosis, receiving
stable ARV treatment, and ≥20 wks gestation. Exclusion criteria
included concomitant use of medications known to interfere with
the PK of the medications being evaluated, multiple pregnancy
(i.e., carrying multiple fetuses), and clinical or laboratory
evidence of drug toxicity that would likely require changes in the
medication regimen during the study. The protocol specified that
women enrolled during pregnancy would remain in the study up
to 24 wks after delivery. Intensive PK sampling and/or laboratory
measurements were taken on multiple occasions including in the
second trimester (20 to 26 gestational wks), third trimester (30
to 38 gestational wks), at delivery, and during the postpartum
period (2 to 24 wks postpartum). Our analysis leveraged serum
albumin and plasma AAG concentrations collected as part of
these clinical evaluations. Demographic and anthropometric data
including maternal age, weight, height, ethnicity, and country
were collected. Additionally, pre-pregnancy weight was collected,
if available.

Albumin in Pregnant and Postpartum
Women Living With HIV
The time-course of serum albumin concentrations in pregnant
and postpartum women living with HIV were described using
a generalized additive modeling approach. Separate models
were developed for the pregnant and postpartum periods. The
start of the postpartum period coincided with the date of
delivery. Models were developed using the Generalized Additive
Models for Location, Scale, and Shape (gamlss) package in R
(version 4.0.3; R Foundation for Statistical Computing, Vienna,
Austria) (21). Non-parametric penalized beta-splines were used
to model serum albumin concentrations (response variable) as
a function of gestational age (weeks) or postpartum duration
(weeks) (22). Models incorporating different error-distribution
assumptions were generated and compared. In addition, models
that permitted for changes in response variable variance as
a function of gestational age or postpartum duration were
evaluated. Model selection was guided by a combination of
visual and quantitative appraisals including goodness-of-fit plots
(i.e., quantile-quantile plots) and generalized Akaike information
criterion (AIC) values (23). For the selected pregnancy and
postpartum models, theoretical (model-based) time-dependent
albumin quantiles associated with the 2.5th, 10th, 25th, 50th,
75th, 90th, and 97.5th percentiles were estimated. To evaluate
the fit of model-derived quantiles, the percentage of observed

data falling below each respective quantile was summarized for
each dataset (pregnancy and postpartum). For models exhibiting
an appropriate fit to the data, the percentage of observed data
corresponding to each theoretical quantile should be congruent
(e.g., 2.5% of observed data should fall below the model-derived
quantile for the 2.5th percentile).

AAG in Pregnant and Postpartum Women
Living With HIV
An initial assessment of the analysis dataset indicated that
plasma AAG concentrations were not consistently reported. For
each respective cohort (i.e., pregnancy and postpartum), <40
observations were available. Owing to the disparate nature of
available AAG concentrations, the ability to examine different
error distributions as well as alterations response variable
variance, as conducted above, was limited. As such, our analysis
exclusively focused on describing the time-course of the central
tendency of plasma AAG concentrations in pregnant and
postpartum women. Using the smooth.spline() function in R,
separate cubic smoothing splines were fit to AAG concentrations
(response variable) as functions of gestational age (weeks)
or postpartum duration (weeks) in cohorts of pregnant and
postpartum women, respectively.

Comparison to Serum/Plasma
Concentrations From Women Without HIV
Infection
Estimated serum/plasma protein concentrations (albumin and
AAG) derived from our analysis were graphically compared to
estimates for pregnant and postpartum women without HIV
infection published by researchers affiliated with leading PBPK
modeling platforms (i.e., Certara SimcypTM and Open Systems
Pharmacology PK-Sim R©). Equations published by Abduljalil
et al. and Dallmann et al. (7, 8) were used to facilitate
these comparisons for pregnant women. Protein concentration
estimates reflective of postpartum women were derived from
Dallmann et al.’s published equation (17). The above-described
equations were formulated following quantitative assessments
of data collected over multiple publications from women
without HIV.

Development of Computational Functions
Describing Serum/Plasma Protein
Concentrations in Pregnant and
Postpartum Women Living With HIV
Several computational functions were developed to communicate
the results of our analysis in a form that can be readily
integrated into PBPK modeling platforms. Functions were
generated using the open-source software R. For serum albumin,
where the analysis included specific considerations for the
central tendency, variance, and error distribution, four separate
computational functions were developed. Developed functions
provided estimates of (1) the arithmetic mean of serum albumin
concentrations in pregnancy with increasing gestation, (2)
quantiles of serum albumin concentrations in pregnancy, (3) the
arithmetic mean of serum albumin concentrations in postpartum
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womenwith increasing postpartum duration, and (4) quantiles of
serum albumin concentrations in postpartum women.

Due to their lower computational complexity, parametric
approximations of developed non-parametric models were
incorporated into generated functions. Parametric polynomials
were used to approximate the relationship between the central
tendency (arithmetic mean) of serum albumin concentrations
and time (i.e., gestational age or postpartum duration), as
previously defined by corresponding non-parametric models.
The degree of the polynomial was sequentially increased until
the coefficient of determination (R2) describing the polynomial’s
fit to estimates from the non-parametric model was >0.995.
Quantile functions computing time-dependent estimates of
serum albumin concentrations at specific percentiles were
created by integrating the developed polynomials, describing the
mean of albumin concentrations, and statistical considerations
for the variance and error distribution of albumin values, as
previously defined by corresponding non-parametric models.
For AAG, where our analysis solely focused on describing
the time-course of the central tendency of plasma AAG
values, two computational functions were developed to describe
arithmetic mean of AAG concentrations in (1) pregnant and
(2) postpartum women. These functions were created using
parametric polynomial approximations, as described above.

RESULTS

Demographics
Our analysis evaluated 871 serum albumin concentrations from
380 PWLH between ∼20 to 42 wks gestation (Table 1). For
postpartum women living with HIV, 757 samples were evaluated
from 354 women between 0 to 46 wks after delivery. In
several instances, final study visits (i.e., 24 wks post-delivery)
were delayed, resulting in clinical evaluations occurring up
to several weeks after the protocol-defined end date. Two
serum albumin concentrations present in the original dataset
(1 pregnancy and 1 postpartum) that exhibited relatively high
values compared to others (>60 g/L) were excluded from the
analysis. Both the pregnant and postpartum albumin datasets
were comprised of racially diverse cohorts. Black (i.e., Black
African and Black or African American) women represented
47.4 and 46.9% of participants in the pregnancy and postpartum
datasets, respectively. The majority of women were enrolled from
the United States including 84.5 and 85.3% of women in the
pregnancy and postpartum albumin datasets, respectively. The
rest were enrolled from international sites. Concomitant ARV
medications taken by women included in the albumin analysis
are denoted in Supplementary Table 1.

Thirty-six plasma AAG concentrations collected from 31
PWLH between ∼24 to 38 wks gestation were included in
the analysis (Table 1). The analysis additionally included 32
postpartum AAG concentrations collected from 30 women
between ∼2 to 13 wks post-delivery. Evaluated plasma AAG
concentrations were exclusively collected from participants
enrolled in the United States. Black (i.e., Black or African
American) women comprised 35.5 and 36.7% of the participants
included in the pregnancy and postpartum AAG datasets,

respectively. All women who contributed AAG concentrations
for analysis were taking lopinavir/ritonavir (i.e., Kaletra;
Supplementary Table 1).

Serum Albumin in PWLH
A generalized additive model incorporating a non-parametric
smoother, a mixture-normal error distribution, and a constant
error variance appropriately characterized the relationship
between weeks gestation and serum albumin concentrations
in PWLH (Supplementary Figure 1; Supplementary Table 2).
The selected model utilized a combination of two normal
(i.e., gaussian) distributions to describe the spread of serum
albumin concentrations. Although an alternative model that
additionally permitted for alterations in the variance of albumin
concentrations with increasing gestation exhibited a lower AIC
value compared to the selected model (1AIC = −2.034;
Supplementary Table 2), this difference was considered minute
and, thus, a constant error variance model was adopted. Model-
based quantiles adequately described the time-course of observed
albumin concentrations in PWLH beyond 20 wks gestation
(Figure 1A). This was additionally demonstrated by the high
level of agreement between observed albumin concentrations and
model-estimated quantiles (Table 2).

The estimated time-course for the central tendency (i.e.,
arithmetic mean) of serum albumin concentrations is
displayed in Figure 2A. Model estimates were corroborated
by average values computed from the observed data
(Supplementary Table 3). In PWLH, average serum albumin
concentrations remained relatively constant from 20 weeks
gestations. Estimated values at 20 and 37 wks gestation were
similar (34.3 and 33.4 g/L, respectively). In contrast, previously
published equations describing the time-course of serum
albumin concentrations in pregnant women without HIV
infection denoted a decreasing trend (7, 8). For example,
estimated serum albumin concentrations based on Dallmann
et al.’s publication were 38.2 and 34.7 g/L at 20 and 37 wks
gestation, respectively (8). Likewise, estimates from Abduljalil
et al.’s published equation were 40.9 and 34.7 g/L, respectively
(7). Notably, at term (i.e., 37 wks gestation), estimated values
were similar between our analysis and those generated by
competing equations.

As an additional evaluation, we compared the distribution of
model predicted albumin concentrations at 20 wks, 28 wks, and
term (i.e., 37 wks gestation) from our analysis to Dallmann et al.’s
published equation (Figures 3A–C) (8). For the latter, albumin
concentrations were approximated using a normal distribution
with a standard deviation of 5.33 g/L. The difference in median
values between the two analyses decreased with increasing
gestation and were nearly congruent at term, where albumin
concentrations of 34.1 and 34.8 g/L were estimated by our
analysis andDallmann et al.’s (8) equation, respectively. However,
the distribution of albumin concentrations for PWLH exhibited
a slight negative (left) skew whereas estimates from Dallmann
et al.’s model were symmetrically distributed. The probability
density associated with the upper tails of each respective
distribution distinctly differed. At term, Dallmann et al.’s (8)
equation exhibited a higher proportion of estimates exceeding
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TABLE 1 | Demographic characteristics of the pregnant and postpartum women providing serum albumin and plasma AAG samples.

Demographic Parameters Albumin dataset AAG dataset

Pregnant

(380 Women)

Postpartum

(354 Women)

Pregnant

(31 Women)

Postpartum

(30 Women)

Country, n (%)

Argentina

Botswana

Brazil

South Africa

Thailand

Uganda

United States

3 (0.8)

12 (3.2)

14 (3.7)

2 (0.5)

20 (5.3)

8 (2.1)

321 (84.5)

1 (0.3)

12 (3.4)

12 (3.4)

2 (0.6)

17 (4.8)

8 (2.3)

302 (85.3)

–

–

–

–

–

–

31 (100%)

–

–

–

–

–

–

30 (100%)

Race, n (%)

Asian or Pacific Islander

Black African

Black or African American

Indigenous American

Other

Unknown/Unavailable

White (Caucasian)

24 (6.3)

22 (5.8)

158 (41.6)

3 (0.8)

5 (1.3)

23 (6.1)

145 (38.2)

22 (6.2)

22 (6.2)

144 (40.7)

3 (0.8)

5 (1.4)

20 (5.9)

138 (39)

–

–

11 (35.5)

1 (3.2)

–

8 (25.9)

11 (35.5)

–

–

11 (36.7)

1 (3.3)

–

8 (26.7)

10 (33.3)

Age (at delivery), years,

Median (Q1, Q3)

29

(24, 34)

29

(24, 34)

29

(26.6, 33.5)

30

(27, 33.8)

Weight (pre-pregnancy), kg,

Median (Q1, Q3)1
67.1

(57.9, 85.4)

67.8

(58.5, 84.8)

69.7

(60.5, 86.2)

69.7

(60.5, 86.2)

Body-Mass Index

(pre-pregnancy), kg/m2,

Median (Q1, Q3)1

26.2

(22.7, 32.5)

26.4

(22.9, 32.7)

26.7

(22.8, 31.6)

26.7

(22.8, 31.6)

Weight (at delivery), kg,

Median (Q1, Q3)2
79.5

(68.3, 94.5)

80.1

(68.5, 94.5)

86.5

(73.4, 97.7)

81.75

(73, 98.2)

AAG, α1-acid glycoprotein; Q1, First quartile; and Q3, Third quartile. 1Pre-pregnancy weights and body mass index values were missing for 116, 107, 8, and 7 individuals from the

pregnancy albumin, postpartum albumin, pregnancy AAG, and postpartum AAG datasets, respectively. 2Delivery weights were missing for 37, 34, 2, and 2 individuals from the pregnancy

albumin, postpartum albumin, pregnancy AAG, and postpartum AAG datasets, respectively.

40 g/L compared to our model (Figure 3C). For example, 16.7%
of albumin concentrations at term were expected to be >40
g/L based on Dallmann et al.’s (8) model. In comparison, only
1.5% of estimates exceeded this threshold based on our model.
An evaluation of the percent of observed data from PWLH
that corresponded to quantiles generated from Dallmann et
al.’s (8) model further highlighted this distributional mismatch
(Table 2). Notably, observed data were discordant with upper
model quantiles (75th, 90th, and 97.5th percentiles).

Serum Albumin in Postpartum Women
Living With HIV
A generalized additive model incorporating a non-parametric
smoother, a skew normal (type 2) error distribution, and time-
dependent changes in error variance provided an appropriate fit
to the data (Supplementary Figure 2; Supplementary Table 4).
The selected distribution (i.e., skew normal type 2) exhibited
a slight negative (left) skew (24). This is visually depicted in
Figure 1B, where differences in albumin concentrations between
subsequent lower percentiles are relatively larger compared
to upper percentiles. The selected model employed different
error variances for albumin concentrations ≤0.5 and >0.5 wks
postpartum. For ≤0.5 wks postpartum, the estimated standard

deviation of albumin concentrations was 4.86 g/L; whereas,
beyond this period, a standard deviation of 3.64 g/L was
estimated. Model quantiles exhibited a suitable fit to the data as
demonstrated by the high degree of concordance with observed
concentration values (Table 2).

The predicted time-course for the arithmetic mean of
serum albumin concentrations during the postpartum
period is displayed in Figure 2B. These estimates
agreed with average values computed from the observed
data (Supplementary Table 5). Average serum albumin
concentrations slightly decreased immediately after birth.
Estimated albumin concentrations at term (i.e., 37 wks gestation)
based on the developed pregnancy model was 33.4 g/L; whereas,
a value of 31.6 g/L was estimated at delivery based on the
developed postpartum model. Serum albumin concentrations
rapidly increased after delivery and stabilized to an average
value of ∼42.3 g/L after 15 wks postpartum. Estimated albumin
values were ∼75% (31.6 g/L) of this plateau value at delivery and
increased to ∼90% (38.3 g/L) by 3 wks postpartum. A similar
pattern was depicted by Dallmann et al.’s published equation,
which described the trajectory of serum albumin concentrations
in postpartum women without HIV infection (17). However,
the denoted plateau value, achieved at ∼7 wks postpartum,
was relatively higher (∼46.4 g/L). Nonetheless, the time-course
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FIGURE 1 | Serum albumin concentrations in (A) pregnant and (B) postpartum women living with HIV. Solid lines depict model-based quantile estimates at denoted

percentiles. Filled-circles depict observed serum albumin concentrations.

TABLE 2 | Percent of observed albumin concentrations in pregnant and

postpartum women living with HIV that fall below model-predicted quantiles

(associated with specified percentiles).

Dataset Albumin pregnancy Albumin postpartum

dataset dataset

Model P1026s

(current study)

Dallmann et al.

(8)

P1026s

(current study)

Predicted Percentile

2.5%

10%

25%

50%

75%

90%

97.5%

2.64%

9.30%

24.68%

49.71%

73.36%

90.01%

97.82%

1.95%

13.55%

29.97%

69.23%

96.56%

99.66%

100.00%

1.85%

10.2%

25.8%

51.3%

74.4%

89.7%

98.28%

of serum albumin concentrations was relatively similar to our
analysis. For example, albumin concentrations estimated by
Dallmann et al.’s (17) model were ∼66% (30.8 g/L) of their
respective plateau value at delivery and increased to ∼90%
(41.9 g/L) at 4 wks. A distributional comparison between our
model and Dallmann et al.’s (17) was not instituted as the latter
did not specify the variance and/or distribution of postpartum
albumin values.

AAG in PWLH
Average plasma AAG concentrations, as estimated by a fitted
smoothing spline, decreased linearly between 24- and 37-wks
gestation (Figure 4A). Estimated AAG concentrations at these

time points were 53.6 and 44.9 mg/dL, respectively. Previously
published equations depicting the trajectory of plasma AAG
concentrations in womenwithout HIV infection depicted slightly
higher values over similar time periods (7, 8). Nonetheless, these
equations exhibited similar decreasing trends, albeit with slower
rates of decrease. For example, estimated AAG concentrations at
24 and 37 weeks gestation based on Dallmann et al.’s published
equation were 61.2 and 59.5 mg/dL, respectively (8); whereas,
Abduljalil et al.’s equation depicted concentrations of 58.6 and
55.3 mg/dL, respectively (7).

AAG in Postpartum Women Living With HIV
Elevated plasma AAG concentrations were observed for samples
collected closer to the date of delivery and decreased thereafter
(Figure 4B). A smoothing spline fit to the data depicted a linear
decreasing trend in average plasma AAG concentrations with
increasing time after delivery. The estimated AAG concentration
at 2 wks postpartum was 120.4 mg/dL, which was notably
higher than the estimated value at term (44.9 mg/dL; 37 wks
gestation) determined for PWLH. The fitted trajectory of AAG
concentrations did not appear to reach a nadir value and
was predicted to be 74.7 mg/dL at 12 wks postpartum. A
previously published equation describing AAG concentrations
in postpartum women without HIV infection displayed some
similarities (17). The AAG concentration at 2 wks postpartum
was estimated to be 126.1 mg/dL based on Dallmann et al.’s (17)
published equation. Similar to our analysis, AAG concentrations
decreased with increasing time after delivery. However, the rate
of decline described by Dallmann et al. (17) was notably faster.
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FIGURE 2 | Serum albumin concentrations in (A) pregnant and (B) postpartum women estimated by our analysis (women living with HIV) and other published

equations (women without HIV infection) (7, 8, 17). Lines depict (arithmetic) mean albumin concentration estimates generated by competing models.

FIGURE 3 | Distributional comparison of predicted serum albumin concentration values at (A) 20, (B) 28, and (C) 37 wks gestation between our model and Dallmann

et al.’s published equation (8). Distributions of serum albumin concentrations were generated over 10,000 stochastic simulations from each respective model/equation.

AAG concentrations rapidly declined until reaching a nadir of
70.1 mg/dL at∼7 wks postpartum.

Computational Functions
Computational functions that output time-dependent estimates
of albumin and AAG concentrations for pregnant and
postpartum women living with HIV are provided in the
Supplementary Materials. Two types of functions were
developed: arithmetic mean and quantile functions. Arithmetic

mean functions require one input, either gestational age or
postpartum duration (weeks), and output corresponding
estimates of serum/plasma protein concentration values.
Quantile functions require two inputs: (1) gestational age or
postpartum duration (weeks) and (2) a percentile value. These
functions output time-dependent estimates of serum albumin
concentrations corresponding to specified percentiles. An
example script demonstrating the usage of the above-described
functions, including how to generate stochastic albumin
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FIGURE 4 | Plasma AAG concentrations in (A) pregnant and (B) postpartum women estimated by our analysis (women living with HIV) and other published equations

(women without HIV infection) (7, 8, 17). Lines depict (arithmetic) mean AAG concentration estimates generated by competing models. Filled-circles depict observed

plasma AAG concentrations.

concentrations for the creation of virtual populations for
prospective population PBPK model analyses, has also been
provided in the Supplementary Materials.

DISCUSSION

To our knowledge, this quantitative analysis represents the first
to specifically evaluate time-dependent changes in serum/plasma
protein concentrations in pregnant and postpartum individuals
living with HIV. Our analysis leveraged data collected from
the IMPAACT Network’s protocol 1026s, representing a large
multicenter, multinational protocol designed to evaluate the
pharmacokinetics of antiretroviral drugs during and after
pregnancy. As such, the current analysis represents the largest
assessments of serum/plasma protein concentrations in pregnant
and postpartum individuals living with HIV to date. Pregnant
individuals are generally excluded from drug development
programs and clinical research trials, leading to the current
paucity of drug safety and PK information in this population
making it challenging to use many licensed drugs safely and
effectively (25, 26). Although PBPK model analyses have the
potential to generate a priori predictions of drug disposition
in understudied populations, model development requires
anatomical and physiological information specific to target
populations of interest. By providing a quantitative description of
protein concentrations in pregnant and postpartum individuals
living with HIV, our study will serve to improve the
development of PBPK models for this population. Furthermore,
we have provided computational functions, developed using

the open-source software R, to communicate our results in
an interactive and transparent manner. Such functions can be
directly integrated into PBPK modeling platforms.

Many ARV drugs exhibit high degrees of plasma protein
binding (>90%), including several members of the integrase
inhibitor and protease inhibitor classes (12, 27, 28). For such
drugs, an understanding of the extent of plasma protein binding
is considered critical for optimizing ARV therapy. Gestational
changes in plasma protein concentrations can impact the extent
of ARV plasma protein binding and subsequently contribute
to pregnancy-associated alterations in drug PK. For example,
the protease inhibitor lopinavir, which displays affinity for both
albumin and AAG, exhibits pregnancy-associated changes in
protein binding and PK (29). The fraction unbound of lopinavir
in plasma increases by ∼12–20% in the second and third
trimesters of pregnancy compared to postpartum values (30, 31).
In addition, apparent clearance of lopinavir (co-administered
with ritonavir) is increased by 31–58% between these periods
(31–33). The observed increase in fraction unbound aligns
with depicted physiological differences in serum/plasma protein
concentrations between pregnant and postpartum individuals,
as demonstrated by our analysis and along with others (30,
31). However, the observed increase in apparent clearance for
lopinavir, which when co-administered with ritonavir exhibits
characteristics similar to that of a low extraction ratio drug,
exceeds the proportional increase that would be expected if PK
alterations were due to changes plasma protein binding alone
(34). This indicates that other physiological changes need to
be considered in tandem with changes in protein binding to
rationally informARV dosing in pregnancy. As such, our analysis
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serves to describe only one facet of the complex physiological
changes that occur during pregnancy.

Therapeutic goals of ARV therapy in pregnancy are focused
toward maintaining maternal health while preventing vertical
viral transmission (4). Correspondingly, both maternal and
fetal ARV drug exposures are of interest. Several physiological
parameters can influence the extent of fetal drug exposure
including the magnitude of maternal drug exposure and the
relative distribution of drugs between fetal and maternal plasma
(Fp/Mp) (35, 36). Differences between maternal and fetal plasma
protein concentrations is a key factor impacting drug-specific
Fp/Mp values (36). By integrating maternal plasma protein
concentration estimates from our analysis with data on fetal
plasma protein concentrations, this work can contribute toward
improving predictions of fetal drug exposure in pregnant
individuals living with HIV.

Although many physiological changes transpire post-delivery,
our current understanding of the time-course of such changes
is limited. In studies evaluating ARV pharmacology in pregnant
and postpartum individuals, postpartum individuals are typically
evaluated at a single time point several weeks after delivery
(i.e., ≥6 weeks) and merely serve as a control group to
permit for assessments of pregnancy-associated changes in
ARV PK (37–39). Use of PBPK modeling may offer an
alternative approach for predicting the time-course of PK
changes that occur immediately post-delivery and beyond. A
recent publication by Dallmann et al. highlighted the potential
utility of such models (17). The researchers developed a PBPK
model for amoxicillin in pregnancy (3rd trimester) and the
early postpartum period (1.5–3.8 h post-delivery). The model
was able to recapitulate observed PK data in postpartum
individuals, albeit with a slight underprediction of clearance. Our
findings will contribute to the development of such models for
individuals living with HIV by improving our understanding
of how plasma protein concentrations change during the
postpartum period.

Our analysis distinctly differs from other previously
published research describing the time-course of plasma
protein concentrations in pregnant and postpartum individuals
(7, 8, 17). Previously published equations were generated
using aggregated data from literature sources that focused on
Caucasian individuals with low-risk pregnancies and no other
medical conditions (7, 8, 17). In contrast, our analysis utilized
data from individuals living with HIV and included a racially
diverse cohort. In terms of methodology, our analysis utilized a
generalized additive modeling approach to fit non-parametric
smoothers to the data. An advantage of this approach is that
the form of the relationship between variables is driven by the
dataset itself (40); whereas, for parametric models, which were
used to develop the previously published equations, the form
of the relationship between variables is pre-defined by the user
(7, 8, 17). As previous studies describing the time-course of
plasma protein concentrations in pregnant and postpartum
individuals living with HIV are lacking, use of generalized
additive modeling was considered to be additionally beneficial,
permitting for trajectories to be derived based on the current
dataset rather than relying on patterns depicted from other
populations. Use of a generalized additive modeling approach

also permitted us to evaluate the distributional form of albumin
concentrations, which was possible due to the availability of
individualized data from IMPAACT’s P1026s study. In contrast,
previously published equations were developed using aggregated
data from the literature, making such distributional evaluations
challenging (7, 8, 17). For development population PBPK
models, there is an interest in generating virtual populations
whose anatomy and physiology vary according to biologically
relevant distributions. Mismatches in the distribution between
virtually generated populations and the target population
will serve to reduce confidence in model predictions. Our
analysis demonstrated a high-level of incongruence between
albumin quantiles generated from a previously published
equation and observed data from pregnant individuals living
with HIV, particularly at higher percentile values (Table 2) (8).
Accordingly, use of the above-described equation to generate a
virtual population reflective of pregnant individuals living with
HIV would likely result in biased estimates of PK variability
for drugs that are highly protein-bound. By characterizing the
distributional form of serum albumin concentrations, our work
can serve to improve confidence in population PBPK model
predictions for pregnant and postpartum individuals living
with HIV.

There are several limitations associated with our analysis that
should be highlighted. First, a relatively low number of AAG
samples were available for analysis. Estimated smoothing splines
depicted linear relationships between AAG concentrations and
gestational age/postpartum duration. As smoothing splines are
fit using penalized regression, it is likely that the amount
of observed data was insufficient to permit the model from
deviating from a linear approximation owing to a relatively
high (smoothness) penalty factor (41). Correspondingly, the
presented work should be viewed as a preliminary analysis
of the time-course of AAG concentrations in pregnant and
postpartum individuals living with HIV. Second, for several
individuals within each dataset, protein concentrations were
measured longitudinally (i.e., contributing multiple samples).
As our analysis approach (i.e., generalized linear modeling)
implicitly assumed datapoints were independent, the presence of
multiple observations per individuals may have inserted some
bias into our model estimates. Nonetheless, as the majority of
individuals contributed ≤2 samples (e.g., 270/380 and 230/354
participants contributed ≤2 albumin concentrations to the
pregnancy and postpartum datasets, respectively) toward each
respective dataset, development of a mixed-effect model to
account for such features (i.e., multiple samples per patient) was
not pursued. Lastly, although our analysis depicted unique trends
in the time-course of protein concentrations for individuals
living with HIV (Figures 2, 4), it lacked the capacity to identify
the causative factor perpetuating such discrepancies. Other
investigations have also observed lower albumin concentrations
among cohorts of subjects with HIV-infection relative to non-
HIV infected subjects (42, 43). However, due to demographic
and socioeconomic differences that exist between individuals
living with HIV and individuals without HIV infection,
there may be several etiological factors responsible for such
differences (e.g., racial, ethnic, nutritional, pathophysiological,
etc.). As a preliminary analysis for this work, assessment of
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the trajectory of albumin concentrations by race was conducted
(Supplementary Figure 3). This comparison did not provide
striking evidence for racial differences in the time-course of
albumin concentrations in pregnant and postpartum individuals
living with HIV. Correspondingly, a generalized approach that
described the time-course of protein concentrations across the
entire cohort was adopted.

In summary, our analysis characterized the trajectory of
serum albumin and plasma AAG concentrations in pregnant and
postpartum individuals living with HIV. This work is particularly
informative for the development of population PBPK models
for this population, as their physiology may not be adequately
described within current models. The results of our analysis
have been compiled into computational functions developed
using open-source software, permitting for easy integration into
prospectively developed PBPK models. By doing so, our results
can serve to inform the development of future clinical trials
evaluating ARV pharmacology in pregnant and postpartum
individuals living with HIV.
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Background: While physiologically based pharmacokinetic (PBPK) models generally

predict pharmacokinetics in pregnant women successfully, the confidence in predicting

fetal pharmacokinetics is limited because many parameters affecting placental drug

transfer have not been mechanistically accounted for.

Objectives: The objectives of this study were to implement different maternal and fetal

unbound drug fractions in a PBPK framework; to predict fetal pharmacokinetics of eight

drugs in the third trimester; and to quantitatively investigate how alterations in various

model parameters affect predicted fetal pharmacokinetics.

Methods: The ordinary differential equations of previously developed pregnancy PBPK

models for eight drugs (acyclovir, cefuroxime, diazepam, dolutegravir, emtricitabine,

metronidazole, ondansetron, and raltegravir) were amended to account for different

unbound drug fractions in mother and fetus. Local sensitivity analyses were conducted

for various parameters relevant to placental drug transfer, including influx/efflux transfer

clearances across the apical and basolateral membrane of the trophoblasts.

Results: For the highly-protein bound drugs diazepam, dolutegravir and ondansetron,

the lower fraction unbound in the fetus vs. mother affected predicted pharmacokinetics

in the umbilical vein by ≥10%. Metronidazole displayed blood flow-limited distribution

across the placenta. For all drugs, umbilical vein concentrations were highly sensitive

to changes in the apical influx/efflux transfer clearance ratio. Additionally, transfer
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clearance across the basolateral membrane was a critical parameter for cefuroxime

and ondansetron.

Conclusion: In healthy pregnancies, differential protein binding characteristics in mother

and fetus give rise to minor differences in maternal-fetal drug exposure. Further studies

are needed to differentiate passive and active transfer processes across the apical and

basolateral trophoblast membrane.

Keywords: physiologically based pharmacokinetics (PBPK), placental drug transfer, maternal-fetal, pregnancy,

mechanistic modeling

INTRODUCTION

Although drug use in pregnant women is frequent and increasing
(1, 2), little is known about the different factors modulating
placental transfer and fetal drug exposure. This knowledge is
particularly important in an era where multiple approaches to
therapy for the fetus are being considered (3, 4). As clinical
studies involving pregnant women are difficult to conduct due
to various considerations (5), other approaches are needed
as alternative or complementary tools to elucidate maternal-
fetal pharmacology. Among these tools, physiologically based
pharmacokinetic (PBPK) modeling holds potential to improve
the conceptual and quantitative understanding of maternal-fetal
pharmacokinetics (6, 7). PBPK models integrate compound-
specific properties (e.g., lipophilicity, molecular weight) and
physiological and biological characteristics (e.g., organ volumes
and blood flow rates) in a mechanistic framework (8). Whole-
body PBPK models include multiple compartments which
represent different organs and tissues that are arranged in a
parallel circuit mimicking the blood flow in the circulatory
system (9).

In recent years, numerous PBPK models for pregnant women
have been developed and successfully evaluated with clinical data
(10). Many of these models also described transfer of xenobiotics
across the placenta and fetal pharmacokinetics (11). While much
progress has been made in developing maternal-fetal PBPK
models, many of thesemodels lack a fullymechanistic description
of the xenobiotic’s placental transfer and partitioning between
the maternal and fetal compartments. For example, differences
in protein binding in maternal and fetal blood plasma have
rarely been considered mechanistically. Yet, an altered fraction
unbound of the drug in the fetal circulation might give rise
to differences in drug exposure at steady-state, especially if the
drug crosses the placenta exclusively via passive diffusion (12).
Additionally, different influx and efflux transfer rates across the
apical membrane of the trophoblast could be indicative of the
presence of uptake or influx transporters (11, 13).

Hence, using a generic PBPK framework that can be extended

to other drugs, the aims of this study were to (i) implement the

unbound fraction of a drug in fetal model compartments; (ii)
implement scaling factors for transplacental diffusion clearance

that allow different influx and efflux transfer rates across the
apical membrane of the trophoblasts; (iii) predict and evaluate
maternal and fetal pharmacokinetics of a variety of drugs
in the late third trimester with differential protein binding

characteristics in the maternal and fetal organism when equal
or different influx/efflux rates across the placenta are assumed;
and (iv) quantify the effect of variations in maternal/fetal
plasma protein binding, maternal blood flow rate to the
placenta and placental influx/efflux rates on the predicted fetal
pharmacokinetics through sensitivity analysis.

METHODS

Software
PBPK models were built with PK-Sim R© and MoBi R© which
are available as open source tools through the Open Systems
Pharmacology (OSP) software, version 9.1, via GitHub (https://
github.com/Open-Systems-Pharmacology) (14). The updated
model files described herein will be also uploaded there.
The software R, version 3.6.3 (R Foundation for Statistical
Computing, http://www.r-project.org) was used for graphics
creation. Clinical data were digitized from published figures
using WebPlotDigitizer, version 4.4 (https://automeris.io/
WebPlotDigitizer/).

General Workflow
In previous studies, pregnancy PBPK models were built with
the OSP software for the compounds acyclovir (15), cefuroxime
(16), diazepam (17), dolutegravir (18), emtricitabine (15),
metronidazole (17), ondansetron (17), and raltegravir (18).
These models were successfully evaluated in non-pregnant
adults, translated to pregnancy and the predicted maternal
pharmacokinetics (16, 17) or predicted maternal and fetal
pharmacokinetics at delivery (15, 18) were evaluated with clinical
data. All models are freely available on OSP GitHub (https://
github.com/Open-Systems-Pharmacology/Pregnancy-Models).

In this study, these models were used for further analyzing
placental drug transfer. The development of additional non-
pregnant PBPK models for other drugs and their extrapolation
to and validation for pregnancy was beyond the scope of this
study that focused exclusively on models that were already
validated for pregnant women. Here, these models were updated
by implementing the drug’s fraction unbound in all fetal
compartments as described in detail below. In contrast to
previous studies (15, 18) the placental partition coefficients
between maternal blood plasma and fetal intracellular space were
predicted from the drug’s physicochemical properties and the
placental tissue composition. Additionally, the transfer clearance
across the apical trophoblast membrane was estimated from in
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vitro permeability measures as described below. Apart from these
changes, no other model adjustments were made. Pregnancy-
induced changes in relevant anatomical and physiological model
parameter values, including clearance values, can be found
in previous publications (15–18). After these structural model
updates, maternal and fetal pharmacokinetics were predicted
using different values for the maternal and fetal unbound drug
fraction. Transfer rates across the placenta were initially kept
equal in both directions (symmetrical transfer). Thereafter, local
sensitivity analyses were conducted by varying the maternal
blood flow to the placenta and the influx and efflux rates across
the placental membrane.

Estimation of Fetal Fraction Unbound
Each drug’s fraction unbound in fetal blood plasma (fu_fetus) was
estimated using the following equation that has been evaluated
for various populations, including infants (19) and pregnant
women (16):

fu_fetus = 1/

(

1+
1− fu_nonpreg

Cprot_nonpreg × fu_nonpreg
× Cprot_fetus

)

(1)

Here, fu_nonpreg is the fraction unbound of non-pregnant adults
in plasma; Cprot_nonpreg is the concentration of binding proteins
in the blood plasma in non-pregnant adults; Cprot_fetus is
the concentration of binding proteins in fetal blood plasma.
Values for Cprot_fetus were taken from a previously published
meta-analysis (20). Implicit assumptions of this equation are
that the number of adult and fetal protein binding sites and
the drug’s affinity to adult and fetal plasma proteins are the
same and that the drug exclusively binds to one plasma
protein only. Table 1 lists for each drug the observed fraction
unbound in non-pregnant subjects (fu_nonpreg) and the estimated
maternal and fetal fraction unbound implemented in the
PBPK model.

Structural Implementation of the Fetal
Fraction Unbound in the Model
The structure of the pregnancy PBPK model is schematically
shown in Figure 1 and has been described in detail previously

TABLE 1 | Overview of the observed fraction unbound in non-pregnant subjects

and the estimated fraction unbound in mother and fetus.

Drug Fraction unbound in

non-pregnant subjects

Maternal

fraction

unbound

Fetal fraction

unbound

Acyclovir 0.85 (15) 0.88 0.86

Cefuroxime 0.67 (16) 0.73 0.68

Diazepam 0.020 (17) 0.027 0.021

Dolutegravir 0.0070 (18) 0.0088 0.0080

Emtricitabine 0.96 (15) 0.97 0.96

Metronidazole 0.89 (17) 0.92 0.89

Ondansetron 0.27 (17) 0.33 0.28

Raltegravir 0.17 (18) 0.24 0.23

(16). Briefly, the fetal sub-structure of the pregnancy PBPK
model consists of five compartments representing the fetal part
of the placenta, the fetus, the amniotic fluid volume (which
is not connected to other compartments) and the arterial and
venous blood pools of the umbilical cord. Organ compartments
are further sub-divided in the blood cells (bc), plasma (pls),
interstitial (int), and intracellular compartment (cell).

Here, the ordinary differential equations (ODE) system of the
fetal sub-structure was refined in MoBi R© to account for fetal-
specific protein binding. In MoBi R© the ODEs are first defined for
intercompartmental exchange processes in the passive transports
building block; during set-up of a simulation, the ODEs are then
generated for each compartment. In the following, the ODEs are
first introduced for each intercompartmental exchange transport
and then defined for the compartments.

FIGURE 1 | Structure of the pregnancy PBPK models. Gray boxes represent

compartments of the PBPK model; solid arrows denote drug transport via the

organ blood flow; dashed arrows denote drug transport via passive diffusion;

dash dotted lines denote drug transport via gastrointestinal motility or the

biliary excretion route. PBPK, physiologically based pharmacokinetic.
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Specifically, the ODEs in the fetal compartments describing
drug exchange between plasma and blood cells (Equation 2),
plasma and interstitial space (Equaton 3), and interstitial and
intracellular space (Equation 4) were adjusted in the spatial
structure building block section of MoBi R© as described below.
Note that Equations (2–4) only refer to the passive, gradient-
driven drug exchange between the two sub-compartments.

dNbc

dt
= SAbc × Ppls,bc × fu ×

(

Cpls −
Cbc

Kbc

)

(2)

dN
int↔pls
int

dt
= Pend × SAend × fu ×

(

Cpls −
Cint

Kint,pls

)

(3)

dNcell

dt
= Pint,cell × SAint,cell

×
(

Kwater,int × Cint − Kwater,cell × Ccell

)

(4)

Here, Nbc denotes molar drug amount in blood cells (µmol),

N
int↔pls
int denotes molar drug amount in the interstitial

compartment when only drug exchange between plasma
and interstitial is considered (µmol); Ncell denotes molar drug
amount in the intracellular compartment (µmol); Cbc, Ccell, Cint

and Cpls denote the molar drug concentration in blood cells,
intracellular space, interstitial space, and plasma, respectively
(µmol/L); fu the drug’s fraction unbound in maternal blood
plasma (which was originally assumed to be equal with the
fraction unbound in fetal blood plasma); Kbc, Kint,pls, Kwater,cell

and Kwater,int the partition coefficient between blood cells and
plasma, interstitial and plasma, water and intracellular space
and between water and interstitial space, respectively; N the
molar drug amount (µmol); Pend, Pint,cell and Ppls,bc the drug’s
permeability through the endothelial, cellular, and blood cell
membrane, respectively (assuming symmetrical transfer, i.e.,
equal permeability for both directions) (cm/min); and SAbc,
SAend, and SAint,cell the total surface area of the endothelial,
cellular and blood cell membrane, respectively (cm²). The
parameterization can be found elsewhere (16).

To account for the fetus-specific fraction of unbound drug in
the model, Equations (2–4) were amended as described in the
following. In all equations, fu (the maternal fraction unbound)
was substituted with fu_fetus (the fetal fraction unbound)
calculated from Equation (1).

Assuming that Kbc in Equation (2) is the same for the
maternal and fetal organism and substituting fu with fu_fetus yields
Equation (5).

dNbc

dt
= SAbc × Ppls,bc × fu_fetus ×

(

Cpls −
Cbc

Kbc

)

(5)

In Equation (3), Kint,pls was calculated according to the equation
reported by Schmitt (21):

Kint,pls =

(

fwater_int +
fprot_int

fprot_pls
×

(

1

fu_fetus
− fwater_pls

))

× fu_fetus

(6)

where fwater_pls and fwater_int denote the fractional volume content
of water in plasma and interstitial space, respectively; and fprot_pls
and fprot_int denote the fractional volume content of proteins
in plasma and interstitial space, respectively. Of note, fwater_pls,

fwater_int and the ratio
fprot_int
fprot_pls

were assumed to be the same

as in the adult organism, namely 0.926 (22), 0.935 (22), and
0.37 (23), respectively. Inserting Equation (6) into Equation (3)
yields Equation (7) which was used in the updated maternal-fetal
PBPK model.

dN
int↔pls
int

dt
= Pend × SAend × fu_fetus

×



Cpls −
Cint

(

fwater_int +
fprot_int
fprot_pls

×
(

1
fu_fetus

− fwater_pls

))

× fu_fetus





(7)

To refine Equation (4), Kwater,int and Kwater,cell were expressed as:

Kwater,int =
fu_fetus

Kint,pls
(8)

Kwater,cell =
fu_fetus

Kcell,pls
(9)

Kint,pls is calculated according to Equation (6), while several
equations were reported for predicting Kcell,pls, namely the PK-
Sim Standard equation (24) and the equations proposed by
Schmitt et al. (21), Rodgers et al. (25, 26), and Poulin et al.
(27, 28). These equations—subsequently referred to as PK-Sim
Standard, Schmitt, Rodgers and Rowland, and Poulin and Theil
model—are implemented per default in the OSP software and use
the global (i.e., maternal) fraction unbound which appears as a
discrete multiplier in these equations. Hence, instead of manually
changing the underlying equations, the default equations using
the maternal fraction unbound were kept and Equation (9) were
multiplied with the ratio of maternal to fetal fraction unbound

as a correction factor (
fu

fu_fetus
) so that the maternal fraction

unbound cancels out and the fetal fraction unbound is included
in the denominator:

Kwater,cell =
fu_fetus

Kcell,pls
×

fu

fu_fetus
(10)

Finally, inserting Equations (6, 8, and 10) in Equation (4) yields
Equation (11):

dNcell

dt
= Pint,cell × SAint,cell

×



Cint ×
1

fwater_int +
fprot_int
fprot_pls

×
(

1
fu_fetus

− fwater_pls

) − Ccell ×
fu

Kcell,pls





(11)

Fetal-specific changes of parameters appearing in Equation
11 and input variables thereof, such as the volume fraction of
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FIGURE 2 | Sub-structure of the placenta barrier in the pregnancy PBPK models. Gray boxes represent sub-compartments of the placenta structure implemented in

the pregnancy PBPK model; dash-dotted boxes represent the vascular space; solid arrows denote drug transport via the organ blood flow; and dashed arrows

denote drug transport via passive diffusion. The intracellular compartment in the fetal placenta represents the (syncytio)trophoblasts with the apical membrane facing

toward the maternal plasma compartment and the basolateral membrane toward the fetal interstitial compartment. PBPK, physiologically based pharmacokinetic.

water and lipids in each tissue compartment which are needed
to calculate Kcell,pls, were also accounted for. Quantitative data on
these input variables was previously gathered from the literature
(29). Equations (5, 7, and 11) were then used for all fetal
compartments in the PBPK model.

Hence, the full equations for the rate of change of drug
amount in the four compartments implemented in the updated
maternal-fetal PBPK model were as follows:

dt









Nbc

Npls

Nint

Ncell









= Q













HCT ×
(

C
bp_inflow

bc
− Cbc

)

(1−HCT) ×
(

C
bp_inflow

pls
− Cpls

)

0

0













+ E









Cbc

Cpls

Cint

Ccell









(12)

Here, Q denotes the blood flow of the compartment (L/min);

HCT the hematocrit; C
bp_inflow

bc
and C

bp_inflow

bc
the molar drug

concentration in the blood cells and plasma, respectively, of the
blood pools that supplies the current compartment with blood
(e.g., venous blood pool of the umbilical cord) (µmol/L) and
E the passive drug exchange between the compartments driven
by concentration gradients. Specifically, E was defined as the
following 4× 4 matrix:

E = fu_fetus















−Ppls,bc ×
SAbc
Kbc

Ppls,bc × SAbc 0 0

Ppls,bc ×
SAbc
Kbc

−Ppls,bc × SAbc − Pend × SAend Pend ×
SAend
Kint,pls

0

0 Pend × SAend − Pend ×
SAend
Kint,pls

− Pint,cell ×
SAint,cell

Kint,pls
Pint,cell ×

SAint,cell×fu
fu_fetus×Kcell,pls

0 0 Pint,cell ×
SAint,cell

Kint,pls
−Pint,cell ×

SAint,cell×fu
fu_fetus×Kcell,pls















(13)

Structural Implementation of
Maternal-Fetal Drug Transfer in the Model
The sub-structure of the placenta barrier embedded in the
pregnancy PBPK model is schematically illustrated in Figure 2.
In this structure, maternal-fetal drug transfer occurs via the
apical membrane of the trophoblast (represented in the model
structure by the fetal intracellular compartment of the placenta).
The ODE to describe maternal-fetal drug transfer was extended
by adding scaling factors (fin and fout):

dN
cell_F↔pls_M

cell_F

dt
= fin × Ppls,cell_T × SAvilli × fu × Cpls_M − fout

× Ppls,cell_T × SAvilli × fu ×
Ccell_F

Kcell,pls
(14)

In this equation, N
cell_F↔pls_M

cell_F
is the molar drug amount in the

fetal intracellular space of the placenta (trophoblasts) when only
the maternal-fetal drug exchange process is considered (µmol);
fin and fout are influx and efflux scaling factors, respectively;
Ppls,cell_T is the permeability across the apical membrane of the
trophoblasts (cm/min); SAvilli is the surface area of the fetal villi
(cm²); Cpls_M and Ccell_F is the molar drug concentration in the
maternal blood plasma of the placenta and fetal intracellular sub-
space of the placenta, respectively (µmol/L); and Kcell,pls is the
placental partition coefficient between the fetal intracellular and
the maternal blood plasma sub-space.
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For Kcell,pls, the same calculation method is used as for
the other compartments in the PBPK model, i.e., the PK-Sim
Standard, Schmitt, Rodgers and Rowland, or Poulin and Theil
method. Information on the placenta tissue composition has
been reported previously (29). The product of Ppls,cell × SAvilli,
also termed apical transfer clearance, was calculated according to
a previously published in vitro-to-in vivo extrapolation approach
(30). This approach uses midazolam as an in vivo calibrator and
scales the passive diffusion clearance of another drug from its
apparent permeability across epithelial cell lines (e.g., Caco-2
cells). An exception was emtricitabine; since no apparent in vitro
permeability value could be found in the literature, the product
of Ppls,cell × SAvilli was set to a previously reported value (15)
estimated based on the ex vivo cotyledon perfusion assay (31).
Table 2 lists for each drug the method for predicting the tissue-
to-plasma partition coefficients in the PBPK model together with
the predicted value for Kcell,pls between the fetal intracellular and
the maternal blood plasma compartment as well as the values
for the apparent permeability in Caco-2 cells and the resulting
apical transfer clearance. It should be stressed that this clearance
refers to the drug transfer across the apical membrane of the fetal
trophoblasts. Of note, the selection of a method for predicting
the partition coefficients of a given drug (as listed in Table 2)
was done during development of the non-pregnant, adult PBPK
model. During this process, several partition coefficient methods
were tested. The method with the best simulation result (i.e.,
lowest squared error) was chosen and subsequently used in
the maternal-fetal PBPK model [further information on the
development of the non-pregnant, adult PBPK models can be
found elsewhere (15–18)].

Note that in the original model, fin and fout in Equation
(14) have a value of 1 and that for values <1 the apical
transfer clearance is reduced, whereas for values >1 the apical
transfer clearance is increased. In addition, similar scaling
factors were introduced in the equation describing transfer
across the basolateral membrane of the trophoblast (Equation 4),
i.e., from the fetal intracellular compartment to the interstitial
compartment in the placenta (see Figure 2).

Clinical Data
Clinical data for the investigated drugs herein were taken from
the literature (18, 39–47) and are listed for each drug in
Table 3. Blood samples were obtained from maternal peripheral
venous blood and umbilical vein blood plasma at delivery. The
timing of blood sampling relative to dose administration was
highly heterogeneous due to the random nature in the time
of delivery. Hence, for some drugs, e.g., acyclovir, cefuroxime
and diazepam, few or no clinical data were available for the
early absorption/distribution phase, whereas for others, e.g.,
ondansetron and metronidazole, few or no observed data were
available in the elimination phase at delivery. Of note, clinical
studies for diazepam investigated pharmacokinetics after doses of
5mg (46) and 10mg (45, 47) and studies for cefuroxime doses of
1,500mg (42) and 750mg (41). Here, the reported concentrations
of diazepam and cefuroxime were normalized to the 10 and
750mg dose, respectively, assuming linear pharmacokinetics.

Evaluation of Predictive Model
Performance
Pharmacokinetics was predicted at delivery in a virtual
population of 500 pregnant women. The predictive model
performance was assessed by visual comparison of predicted drug
concentrations in the maternal blood plasma and the umbilical
vein blood plasma at delivery with the clinical data described
above and listed inTable 3. In addition to visual assessment of the
predictive model performance, the mean prediction error (MPE)
(%) and mean squared error (MSE) were calculated as follows:

MPE =
100

n

∑ Csim,i − Cobs,i

Cobs,i
(15)

MSE =
1

n

∑

(

Cobs,i − Csim,i

)2
(16)

where Csim,i and Cobs,i is the simulated and observed
concentration at timepoint i, respectively; and n the total
number of observed concentrations.

TABLE 2 | Overview of the methods for predicting the tissue-to-plasma partition coefficients of each drug in the PBPK model and placental transfer model parameters.

Drug Method for predicting

tissue-to-plasma partition

coefficients in the PBPK model

Placental partition

coefficient

Caco-2 cell permeability

(cm/s)

Apical transfer clearance

(L/min)

Acyclovir PK-Sim Standard (24) 0.74 0.3 × 10−6 (32) 0.059

Cefuroxime Schmitt (21) 0.61 1.2 × 10−6 (33) 0.20

Diazepam PK-Sim Standard (24) 0.079 8.9 × 10−5 (34) 15.1

Dolutegravir Rodgers and Rowland (25, 26) 0.16 2.5 × 10−6 (35) 0.43

Emtricitabine Rodgers and Rowland (25, 26) 0.83 NA 0.019 (31)

Metronidazole Rodgers and Rowland (25, 26) 0.80 5.7 × 10−5 (36) 9.76

Ondansetron Poulin and Theil (27, 28) 0.41 1.8 × 10−5 (37) 3.11

Raltegravir Rodgers and Rowland (25, 26) 0.28 7.3 × 10−6 (38) 1.24

NA, not available; PBPK, physiologically based pharmacokinetic.
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TABLE 3 | Characteristics of the clinical studies used for model evaluation.

Drug Posology Gestational age (weeks) Maternal concentration

values (n)

Fetal concentration

values (n)

References

Acyclovir 400mg TID, oral 39.9 [37–41]a 9 19 (39)

Cefuroxime 750mg single dose, IV 41 [37–42]b 14 8 (41)

Cefuroxime 1,500mg single dose, IV 32 [28–35]b 22 7 (42)

Diazepam 10mg single dose, IV 38 [37–40]b 16 16 (45)

Diazepam 5mg single dose, IV 38–40c 5 5 (46)

Diazepam 10mg single dose, IV NAd 6 6 (47)

Dolutegravir 50mg QD, oral 38 [35–42]b 20 20 (18)

Emtricitabine 400mg single dose, oral 39 [33–42]b 166 37 (40)

Metronidazole 500mg single dose, IV NAd 21 12 (44)

Ondansetron 4mg single dose, IV 39.1 [36.4–40.4]a 46 9 (43)

Raltegravir 400mg BID, oral 38 [36–40]b 20 20 (18)

aExpressed as arithmetic mean (range).
bExpressed as median (range).
cExpressed as range; median not reported.
dGestational age at delivery not reported; in the model a gestational age of 40 weeks was assumed.

BID, twice daily; IV, intravenous; NA, not available; PBPK, physiologically based pharmacokinetic; QD, once daily; TID, three times daily.

Sensitivity Analysis
Local sensitivity analyses were conducted using the updated
maternal-fetal PBPKmodels to assess quantitatively how changes
in various model parameters propagate to the model output. For
each drug, the blood flow rate to the maternal intervillous space
in the placenta was varied by factors of 0.5 and 2. Additionally,
the apical and basolateral transfer clearance was varied as follows.
For the apical transfer clearance, the scaling factors fin and fout
in Equation (14) were varied both together by factors ranging
from 2 to 10 and separately from each other (i.e., affecting either
influx or efflux transfer clearance) by factors ranging from 0.5 to
2. The basolateral transfer clearance was varied by multiplying
the product of Pint,cell × SAint,cell (i.e., the transfer clearance) in
Equation (4) by factors ranging from 1.5 to 10. Either the apical or
the basolateral transfer clearance was modified during sensitivity
analysis but not both at the same time.

The effect of variations in these parameters were only tested
using the predicted umbilical vein concentrations as model
output; maternal concentration predictions were not included as
model output as it was previously shown that large changes in
various placental transfer parameters (namely in the permeability
across the apical trophoblast membrane and partition coefficient)
did not significantly impact maternal plasma concentrations
(18, 48).

Additionally, the area under the concentration-time curve
from time zero (or, in case of multiple dose studies, time
of last dose administration) to the time of the last observed
concentration (AUCtlast) was calculated from the observed data
in maternal plasma and umbilical vein and compared with the
predicted values.

RESULTS

The observed and predicted maternal plasma concentration-
time profiles are shown in Figure 3. While the predicted median

concentration-time profiles generally captured the clinical data,
the observed interindividual variability was underestimated by
the models. Table 4 lists the MPEs for these predictions.

Figure 4 presents the observed and predicted plasma
concentration-time profiles in the umbilical cord andTable 4 lists
the MPEs and MSEs for these predictions. For some drugs, such
as ondansetron and metronidazole, visual assessment of the fetal

prediction results was only possible within a relatively narrow

time interval after dose administration because of lacking clinical
data at later time points. Therefore, the predicted elimination

phase could not be evaluated. For other drugs, e.g., acyclovir,
few clinical data were available in the early distribution phase
(i.e., before reaching the peak concentration in the fetus). No
consistent trend for under- or overestimation was evident across
the different predicted pharmacokinetic profiles. While for some
drugs, such as diazepam and ondansetron, the pharmacokinetic
profiles were overall adequately captured, the clinical data were
underestimated for other drugs, e.g., acyclovir and dolutegravir,
or, in the case of emtricitabine, overestimated. Of note, the
relatively high MPE for emtricitabine (102.5%, see Table 4)
could predominantly be attributed to two observed plasma
concentrations in the absorption phase that were substantially
overestimated (specially these concentrations were 0.0095 and
0.024µg/mL at 0.8 and 3 h, respectively). For cefuroxime
the clinical data showed high variability and contained very
limited information, so that an adequate assessment of the
predicted umbilical cord concentration was difficult. Similar to
the pharmacokinetics predicted inmaternal plasma, the observed
interindividual variability was generally underestimated by
the models.

Note that Figure 4 also includes the prediction results that
are obtained when setting the fetal fraction unbound value
to that in the mother (i.e., equal fraction unbound values)
to allow a visual assessment of the effect of plasma protein
binding differences between the fetal and maternal circulatory
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FIGURE 3 | Maternal plasma concentration–time profiles observed and predicted at delivery. Concentration-time profiles in the maternal peripheral blood plasma for

acyclovir (A), cefuroxime (B), diazepam (C), dolutegravir (D), emtricitabine (E), metronidazole (F), ondansetron (G), and raltegravir (H) at delivery in the third trimester.

Semi-log scaled figures are shown as inset plot in the top-right corner of each panel. The time refers to the time after drug administration. Circles represent individual

observed data; the solid line represents the predicted geomean and the shaded area the predicted 5th−95th percentile range. Observed data for acyclovir,

cefuroxime, diazepam, dolutegravir, emtricitabine, metronidazole, ondansetron, and raltegravir were taken from Liu et al. (18), Leung et al. (39), Hirt et al. (40),

Philipson and Stiernstedt (41), De Leeuw et al. (42), Elkomy et al. (43), Visser and Hund (44), Moore and McBride (45), Ridd et al. (46), and Mandelli et al. (47),

respectively. conc, concentration.

TABLE 4 | Mean prediction errors and mean squared errors.

Drug Maternal plasma

concentrations

Umbilical vein

concentrations

Mean

prediction

error (%)

Mean

squared

error

Mean

prediction

error (%)

Mean

squared

error

Acyclovir 16.9 0.17 15.7 0.12

Cefuroxime −22.2 30.5 45.4 4.97

Diazepam 37.9 0.01 24.6 0.01

Dolutegravir −37.2 0.68 −43.4 1.17

Emtricitabine 102.5 0.97 3.1 0.25

Metronidazole 0.9 13.5 −3.2 8.61

Ondansetron 4.4 7.0 × 10−5 −41.2 2.0 × 10−5

Raltegravir −22.8 0.16 −23.3 0.51

system. For most drugs, differences in plasma protein binding
between the mother and fetus translated into rather small
differences in predicted umbilical cord concentrations. Table 5
lists the predicted AUCtlast for the umbilical cord plasma

concentrations obtained when assuming equal maternal/fetal

unbound drug fractions and when considering differential
maternal/fetal protein binding. As can be seen in this table,

the effect of assuming a different fetal fraction unbound on
AUCtlast was below 5% for some drugs but exceeded 10% in the

case of highly-protein bound drugs (diazepam, dolutegravir and

ondansetron); raltegravir was an exception, though. Table 6 lists

the observed and predicted AUCtlast in maternal and umbilical
vein plasma (when assuming differential maternal-fetal protein

binding). In all but four cases, the observed AUCtlast fell within

the predicted 5th−95th percentile range.
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FIGURE 4 | Umbilical vein plasma concentration–time profiles observed and predicted at delivery. Concentration-time profiles in the umbilical vein plasma for acyclovir

(A), cefuroxime (B), diazepam (C), dolutegravir (D), emtricitabine (E), metronidazole (F), ondansetron (G), and raltegravir (H) at delivery in the third trimester. Semi-log

scaled figures are shown as inset plot in the top-right corner of each panel. The time refers to the time after drug administration. Circles represent individual observed

data; the solid line represents the predicted geomean and the shaded area the predicted 5th−95th percentile range. Red shades denote to predictions with different

maternal/fetal unbound drug fractions and black/gray colors predictions with equal maternal and fetal unbound drug fractions. Observed data for acyclovir,

cefuroxime, diazepam, dolutegravir, emtricitabine, metronidazole, ondansetron, and raltegravir were taken from Liu et al. (18), Leung et al. (39), Hirt et al. (40),

Philipson and Stiernstedt (41), De Leeuw et al. (42), Elkomy et al. (43), Visser and Hund (44), Moore and McBride (45), Ridd et al. (46), and Mandelli et al. (47),

respectively. conc, concentration.

Results of the sensitivity analysis are presented in Figures 5–8.
Figure 5 shows the predicted concentration-time profiles in
the umbilical vein when maternal placental blood flow rate
was varied two-fold. Within this range, the maternal placental
blood flow rate did not significantly affect the predicted
umbilical vein concentrations except for metronidazole. For
all drugs, the maximum difference in AUCtlast between the
original model and the model with altered blood flow rate
did not exceed 1%, except for cefuroxime and metronidazole
where the maximum difference was 2.9 and 5.7% when the
blood flow rate was increased two-fold and reduced two-
fold, respectively.

Figures 6, 7 present the concentration-time profiles in the
umbilical vein that were predicted with different apical influx and
efflux transfer clearance scaling factors (fin and fout). As noted
above, fin and fout modify the transfer clearance across the apical
trophoblast membrane in the maternal-fetal and fetal-maternal
direction, respectively. Changes in these parameters had only a
negligible impact on maternal concentrations (data not shown).
Figure 6 presents pharmacokinetic predictions when fin and
fout are both varied equally, i.e., when the transfer clearance
(Ppls,cell × SAvilli) is similarly changed in both the influx and
efflux direction. As was expected for orally administered drugs,
except for raltegravir, higher values for fin and fout gave rise to
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TABLE 5 | Predicted drug exposure in umbilical vein plasma with equal and

different maternal-fetal protein binding.

Drug AUCtlast predicted in

umbilical vein plasma

with equal maternal

and fetal fraction

unbound (µg h/mL)

AUCtlast predicted in

umbilical vein plasma

with different maternal

and fetal fraction

unbound (µg h/mL)

Difference

(%)

Acyclovir 1.9 2.0 5.3

Cefuroxime 36.5 38.2 4.7

Diazepam 0.67 0.85 26.9

Dolutegravir 15.0 16.5 10.0

Emtricitabine 10.2 10.1 −0.98

Metronidazole 12.3 12.7 3.3

Ondansetron 0.024 0.028 16.7

Raltegravir 3.0 3.2 6.7

AUCtlast, area under the concentration-time curve from time zero (or, in case of

multiple dose studies, time of last dose administration) to the time of the last

observed concentration.

TABLE 6 | Observed and predicted drug exposure in mother and fetus.

Drug AUCtlast in maternal

plasma (µg h/mL)

AUCtlast in umbilical vein

plasma (µg h/mL)

Observed Predicted

(geomean

[p5; p95])

Observed Predicted

(geomean

[p5; p95])

Acyclovir 3.7 1.9 [0.66; 5.1] 5.3 2.0 [0.70; 5.1]

Cefuroxime 39.0 43.9 [32.8; 61.9] 33.3 38.2 [27.5; 54.4]

Diazepam 0.50 0.86 [0.55; 1.4] 0.67 0.85 [0.55; 1.4]

Dolutegravir 37.5 19.4 [8.2; 42.9] 37.8 16.5 [7.2; 35.1]

Emtricitabine 15.9 10.6 [5.0; 19.7] 10.7 10.1 [5.3; 16.9]

Metronidazole 7.0 5.1 [4.2; 6.2] 13.8 12.7 [10.4; 15.2]

Ondansetron 0.11 0.10 [0.074; 0.12] 0.030 0.028 [0.022;

0.036]

Raltegravir 5.9 2.9 [1.3; 6.3] 7.7 3.2 [2.4; 6.3]

AUCtlast, area under the concentration-time curve from time zero (or, in case of

multiple dose studies, time of last dose administration) to the time of the last observed

concentration; p5, 5th percentile; p95, 95th percentile.

greater peak concentrations (Cmax) and a lower time at which
Cmax is reached (tmax). For intravenously administered drugs,
variations in fin and fout only had a negligible effect on the
predicted pharmacokinetic profiles.

Figure 7 shows predicted pharmacokinetic profiles when
either fin or fout was changed, while the other one was kept
unchanged at the original value of 1. It is important to note that
these results are relative and will be different when the absolute
transfer clearance (Ppls,cell × SAvilli) is altered. As expected,
these variations had a strong impact on the umbilical vein-to-
maternal plasma concentration ratio. No consistent trend for
under- or overestimation was found for the different drugs when
apical influx or efflux transfer was altered. For some drugs
(e.g., ondansetron and raltegravir), albeit not for all, a two-fold

increase of the efflux transfer clearance showed results that were
equivalent to a two-fold decrease in the influx transfer clearance.

The results for sensitivity analysis when varying the transfer
clearance across the basolateral membrane are shown in Figure 8.
These results were informative in that they revealed that the
basolateral transfer clearance was also a sensitive parameter for
some drugs, e.g., for cefuroxime and raltegravir.

DISCUSSION

Fetal therapeutics is rapidly becoming a reality both for drugs
given to the mother and for gene and stem cell therapy delivered
to the fetus. For drugs that are administered to the mother
with the intent of treating the fetus, a further understanding of
maternal to fetal drug transfer will be required. This study refined
the ODE system of a previously published pregnancy PBPK
model by implementing the fetal-specific unbound drug fraction
in the model. Additionally, scaling factors were integrated in the
model to account for asymmetrical drug transfer across the apical
and basolateral membranes of the trophoblast. Using the refined
model, maternal and fetal pharmacokinetics were predicted for
eight different drugs. It was further investigated how different
unbound drug fractions in the maternal and fetal circulatory
system and different apical and basolateral influx/efflux transfer
clearances impact the predicted drug concentrations in the
umbilical vein.

In this study, apical transfer clearance was estimated using a
previously proposed in vitro-to-in vivo extrapolation of a drug’s
passive diffusion clearance (30). This extrapolation approach
appears attractive because in vitro permeability values required
as input are often readily available in the literature. Although
it was initially only proposed for drugs crossing the placenta
exclusively via passive diffusion (30), this approach also yielded
adequate results for ondansetron which is a substrate of P-
glycoprotein [P-gp, also referred to as multidrug resistance
protein 1 (MDR1)] (49), an efflux transporter expressed in
the apical membrane of trophoblasts (50). On the other hand,
for dolutegravir and raltegravir which are also P-gp substrates
(51, 52), this approach substantially underestimated the clinical
observations (Figure 4). Furthermore, for acyclovir, a substrate
of various efflux transporters expressed in the placenta, such
as the multidrug and toxin extrusion proteins (MATE) 1/2-
K (53), it was expected that this approach would result in
an overestimation of umbilical vein concentrations as efflux
is not considered in the estimated apical transfer clearance
value; yet, the presented results showed that an even higher
placental transfer clearance would be required to adequately
describe the data. Hence, the overall suitability of this approach
for parameterizing placental transfer in PBPK models remains
inconclusive. Importantly, a refined version of this approach has
been proposed very recently (54) and merits further evaluation
with additional drugs.

The predicted variability in maternal and, to a lesser extent,
umbilical vein concentrations was generally underestimated
(Figures 3, 4). To some extent, this was expected because
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FIGURE 5 | Sensitivity analysis for the maternal placental blood flow rate. Concentration-time profiles in the umbilical vein plasma for acyclovir (A), cefuroxime (B),

diazepam (C), dolutegravir (D), emtricitabine (E), metronidazole (F), ondansetron (G), and raltegravir (H) at delivery in the third trimester. Semi-log scaled figures are

shown as inset plot in the top-right corner of each panel. The time refers to the time after drug administration. Circles represent individual observed data and the lines

represents the predicted geomean concentrations with different blood flow rates to the maternal placenta. Observed data for acyclovir, cefuroxime, diazepam,

dolutegravir, emtricitabine, metronidazole, ondansetron, and raltegravir were taken from Liu et al. (18), Leung et al. (39), Hirt et al. (40), Philipson and Stiernstedt (41),

De Leeuw et al. (42), Elkomy et al. (43), Visser and Hund (44), Moore and McBride (45), Ridd et al. (46), and Mandelli et al. (47), respectively. conc, concentration.

the variability in anatomical and physiological parameters
integrated in the PBPK models stems from observations in
non-laboring women (29). While relatively little is known
about changes in fetal physiological parameters during delivery,
maternal physiological parameters, particularly those related
to hemodynamics, show substantial variation during the
peripartum period. For example, cardiac output is 13–31% higher
in the first stage of labor compared to the pre-parturient level (55,
56) and can temporarily increase by ∼20–60% during cesarean
delivery, especially if uterotonics, e.g., oxytocin or carbetocin, are
co-administered (57). This might give rise to temporary changes
in various organ blood flows which could in turn contribute to
increased variability in drug distribution and elimination. For

drugs with a blood-flow limited distribution behavior across the
placenta, such as metronidazole, a potential increase in maternal
placental blood flow during labor can be expected to increase the
distribution across the placenta leading to higher drug exposure
in the fetus (further discussed below). Furthermore, elimination
is relatively insensitive toward potential changes in liver blood
flow for drugs that have a low to intermediate hepatic extraction
ratio (all drugs investigated herein). For example, for diazepam,
metronidazole, and ondansetron, a 30% increase in both hepatic
arterial and portal vein blood flow increased clearance by only
0.3, 0.9, and 4.1%, respectively (data not shown). The clearance
of high extraction drugs depends more on liver blood flow
and might therefore be substantially increased during labor.
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FIGURE 6 | Sensitivity analysis for the transfer clearance across the apical trophoblast membrane where both influx and efflux clearance are equally varied.

Concentration-time profiles in the umbilical vein plasma for acyclovir (A), cefuroxime (B), diazepam (C), dolutegravir (D), emtricitabine (E), metronidazole (F),

ondansetron (G), and raltegravir (H) at delivery in the third trimester. Semi-log scaled figures are shown as inset plot in the top-right corner of each panel. Circles

represent individual observed data and the lines represents the predicted geomean concentrations with different transfer clearances across the apical trophoblast

membrane (both influx and efflux transfer clearance are equally altered). Observed data for acyclovir, cefuroxime, diazepam, dolutegravir, emtricitabine, metronidazole,

ondansetron, and raltegravir were taken from Liu et al. (18), Leung et al. (39), Hirt et al. (40), Philipson and Stiernstedt (41), De Leeuw et al. (42), Elkomy et al. (43),

Visser and Hund (44), Moore and McBride (45), Ridd et al. (46), and Mandelli et al. (47), respectively. conc, concentration.

While the effect of labor on cardiac output is relatively well-
characterized, the effect on organ blood flows (e.g., for the
placenta and liver) is unknown which complicates integrating
these factors in a PBPK model.

Along a similar line, an overestimation of the maternal
clearance of raltegravir and dolutegravir may have led to an
underestimation of both maternal and fetal drug exposure. In
these cases, increasing maternal plasma concentrations (e.g.,
by reducing UGT-mediated clearance or the unbound drug
fraction) also improved predictions in the umbilical cord. This
stresses again that maternal physiological changes need to be
adequately captured in PBPK models since maternal and fetal
pharmacokinetics are intimately connected.

The unbound drug fraction was estimated in this study from
reported maternal and fetal albumin serum levels. Albumin
does not cross the placenta (58, 59) and hence fetal albumin
is exclusively of fetal origin. Fetal albumin is synthesized
at a higher rate in the early third trimester vs. late third
trimester (60) where the difference between fetal and maternal
albumin concentrations diminishes. The findings of this study
demonstrate that slight differences in maternal-fetal protein
binding at term delivery generally have a rather small effect on the
predicted umbilical cord concentrations (see Table 5). At quasi-
equilibrium, it can be expected that the predicted concentration
ratio between maternal and umbilical vein concentrations will
approach the ratio of maternal to fetal fraction unbound.
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FIGURE 7 | Sensitivity analysis for the transfer clearance across the apical trophoblast membrane where either influx or efflux clearance is varied. Concentration-time

profiles in the umbilical vein plasma for acyclovir (A), cefuroxime (B), diazepam (C), dolutegravir (D), emtricitabine (E), metronidazole (F), ondansetron (G), and

raltegravir (H) at delivery in the third trimester. Semi-log scaled figures are shown as inset plot in the top-right corner of each panel. The time refers to the time after

drug administration. Circles represent individual observed data and the lines represents the predicted geomean concentrations with different transfer clearances

across the apical trophoblast membrane (either influx or efflux transfer clearance is altered). Observed data for acyclovir, cefuroxime, diazepam, dolutegravir,

emtricitabine, metronidazole, ondansetron, and raltegravir were taken from Liu et al. (18), Leung et al. (39), Hirt et al. (40), Philipson and Stiernstedt (41), De Leeuw

et al. (42), Elkomy et al. (43), Visser and Hund (44), Moore and McBride (45), Ridd et al. (46), and Mandelli et al. (47), respectively. conc, concentration.

When calculating the fetal unbound drug fraction according
to Equation (1), it was assumed that the drug binds to one protein
only (namely albumin) and that the number of adult and fetal
protein binding sites as well as the drug’s affinity to adult and
fetal plasma proteins are the same. The assumption that albumin
is the exclusive protein binding partner may contribute to an
underestimation of the fetal unbound fraction of a drug with
mixed binding to albumin or α1-acidic glycoprotein because
the relative concentration difference between fetal and adult α1-
acidic glycoprotein is considerably larger than that for albumin
[α1-acidic glycoprotein: 0.21 g/L in the fetus at 38 weeks of
gestation vs. 0.70 g/L in non-pregnant adults; albumin: 38.6 g/L
in the fetus at 38 weeks of gestation vs. 46.4 g/L in non-pregnant

adults (20, 29)]. Relatively little information could be found in the
scientific literature to falsify (or verify) the assumption of equal
number of protein binding sites and binding affinity of adult and
fetal albumin. Investigating diazepam binding to albumin, Viani
et al. (61) reported 0.83 and 1.02 number of albumin binding
sites (expressed as moles of drug per mole of albumin) for fetal
and adult serum, respectively, and an association constant of
1.36 × 10−5 and 1.00 × 10−5 M−1 to fetal and adult albumin,
respectively. Calculation of the fetal unbound fraction from these
values according to a previously described method (16, 19) yields
a value of 0.024 for diazepam instead of 0.021 (Table 1) which
is closer to the maternal value of 0.027 and would hence lead to
a lower difference between predicted maternal and fetal plasma
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FIGURE 8 | Sensitivity analysis for the transfer clearance across the basolateral trophoblast membrane. Concentration-time profiles in the umbilical vein plasma for

acyclovir (A), cefuroxime (B), diazepam (C), dolutegravir (D), emtricitabine (E), metronidazole (F), ondansetron (G), and raltegravir (H) at delivery in the third trimester.

Semi-log scaled figures are shown as inset plot in the top-right corner of each panel. The time refers to the time after drug administration. Circles represent individual

observed data and the lines represents the predicted geomean concentrations with different transfer clearances across the basolateral trophoblast membrane (both

influx and efflux transfer clearance are equally altered). Observed data for acyclovir, cefuroxime, diazepam, dolutegravir, emtricitabine, metronidazole, ondansetron,

and raltegravir were taken from Liu et al. (18), Leung et al. (39), Hirt et al. (40), Philipson and Stiernstedt (41), De Leeuw et al. (42), Elkomy et al. (43), Visser and Hund

(44), Moore and McBride (45), Ridd et al. (46), and Mandelli et al. (47), respectively. conc, concentration.

concentrations. Without further experimental data, though, it
is difficult to evaluate the calculated fetal unbound fraction of
the other investigated drugs. This highlights the need to further
measure the fetal unbound fraction of diverse drugs in clinical
samples and use these data to develop, train or validate methods
for calculating the unbound fraction of a drug.

For drugs weakly or moderately bound to albumin (fraction
unbound > ∼30%), the differences in fetal/maternal protein
binding can, under normal conditions, be expected to be rather
low at term delivery because the difference between fetal and
maternal albumin concentration diminishes toward term (20,
29). However, they may become more relevant at earlier stages
of pregnancy. For example, in a paired analysis, Krauer et al.

(62) observed that the fetal/maternal albumin concentration ratio
was around 0.66 ± 0.30 (mean ± standard deviation) between
16 and 25 weeks of gestation and increased thereafter, reaching
1.20 ± 0.18 at >35 weeks of gestation. Additionally, differences
in fetal/maternal fraction of unbound drug may be exaggerated
in diseased states that have been observed to be associated
with maternal or fetal hypoalbuminemia, such as preeclampsia
and eclampsia (63) or severe hydrops fetalis (64). Finally, for
drugs predominantly binding to α1-acidic glycoprotein, larger
differences between maternal and fetal fraction of unbound drug
may be expected as the observed fetal/maternal concentration
ratio of α1-acidic glycoprotein rises only to 0.37± 0.23 (mean ±

standard deviation) at term (62). This highlights that differential
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protein binding characteristics, although found to be generally
only of minor importance in this study, might be relevant in
various scenarios and should hence be structurally considered in
PBPK models.

Interestingly, the observed pharmacokinetic profiles in the
umbilical vein could not be captured for all drugs when placental
transfer clearance, estimated from reported Caco-2 permeability
(Table 2), was assumed to be equal in both maternal-fetal and
fetal-maternal direction (Figure 4). For example, the umbilical
vein concentrations of acyclovir, dolutegravir, and raltegravir
were systematically underestimated and could not be improved
when increasing the total blood flow to the placenta (Figure 5)
or the total flux across the apical membrane (Figure 6). In
fact, with the exception of metronidazole, the concentrations
predicted in the umbilical vein were not sensitive to changes in
the maternal placental blood flow, at least not within the tested
range (Figure 5). These findings suggest that the distribution of
these drugs across the placenta barrier is not limited by blood
flow, but rather by the permeability through the trophoblasts’
apical membrane at the fetal-maternal interface. This is an
expected finding because for all drugs the product of the fraction
of unbound drug (Table 1) and the apical transfer clearance rate
(Table 2) is considerably lower than the mean placental blood
flow of the mother (∼0.75 L/min), except for metronidazole
where the latter product amounts to 9.0 L/min which makes the
transplacental distribution of metronidazole blood flow-limited.
Hence, alterations in placental hemodynamics induced by labor
and delivery might be of concern for this drug.

Although transfer clearance across the apical membrane was
a sensitive parameter for orally administered drugs (except
raltegravir), higher parameter values did not substantially
improve the model performance (Figure 6). With equal apical
transfer clearance in both influx and efflux direction, the ratio
of predicted maternal to umbilical vein plasma concentrations
at quasi-equilibrium was solely influenced by differential protein
binding characteristics (Figure 4).

While the placental partition coefficients (Table 2) did
influence intracellular concentrations in the trophoblasts,
concentrations in the maternal and umbilical vein blood
were not affected by this parameter (data not shown). For
example, higher values for the maternal blood plasma-to-fetal
intracellular partition coefficients led to higher intracellular
drug concentrations in the trophoblast without significantly
influencing maternal and umbilical vein plasma concentrations.
This was expected because the values of the partition coefficient
between maternal blood plasma and fetal intracellular space are
similar to the values of the partition coefficient between fetal
blood plasma and fetal intracellular space. Changes in umbilical
vein concentrations will only be observed if the maternal blood
plasma-to-fetal intracellular partition coefficient is changed while
keeping the fetal blood plasma-to-fetal intracellular partition
coefficient unchanged as has been shown previously (18, 48).
The effect of such asymmetrical changes in placental partition
coefficients is similar to alterations in the efflux transfer clearance;
for example, as can be seen from Equation (14), a two-fold
increase in Kcell,pls will yield the same results as reducing fout by a
factor of 0.5.

For several drugs (e.g., dolutegravir, ondansetron, and
raltegravir), the clinical data could be better described when
a higher influx-to-efflux transfer clearance ratio was applied
in the models (Figure 7). Yet, it is difficult to draw general
conclusions from these findings because they all relate to
specific apical transfer clearance values (Table 2) which may
be inaccurate as discussed above. For example, to improve
the model predictions for dolutegravir, ondansetron and
raltegravir, a higher influx-to-efflux ratio seemed to be necessary
(Figure 7); however, since these drugs are P-gp substrates (49,
51, 52), a lower influx-to-efflux ratio would be biologically
plausible. This might suggest that the applied in vitro-to-
in vivo extrapolation approach underestimates the absolute
apical transfer clearance for these drugs; in turn, a higher
absolute apical transfer clearance could then accommodate a
lower influx-to-efflux ratio. This hypothesis seems to be in
line with findings from in vitro studies. When comparing
various studies that quantified P-gp expression relative to that
of the housekeeping gene GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), higher P-gp expression was found in Caco-
2 cells (65–67) than in (syncytio)trophoblasts (68, 69). These
expression data corroborate the hypothesis that, compared to
Caco-2 cells, a weaker effect of P-gp mediated efflux can
be expected for the placenta barrier. As can be seen from
Equation (14), it is unfortunately not possible to use these PBPK
models for estimation of both the apical transfer clearance and
the factor modulating efflux clearance (fout) because of non-
identifiability issues.

Even if the transfer clearance across the apical membrane
is accurately parameterized, the transfer clearance across
the basolateral membrane of the trophoblast may also play
an important role as was found, e.g., for cefuroxime and
ondansetron (Figure 8). In the presented PBPK models, the
basolateral transfer clearance was estimated as product of the
drug’s organ permeability (2.73 × 10−6 and 1.69 × 10−2

cm/min for cefuroxime and ondansetron, respectively) and
the surface area between the trophoblasts’ intracellular and
interstitial space (on average ∼56,700 dm²). For cefuroxime, but
not for ondansetron, the resulting basolateral transfer clearance
was lower than the apical transfer clearance (0.015 vs. 0.20 L/min
for cefuroxime and 96 vs. 3.11 L/min for ondansetron). These
findings illustrate that an adequate parameterization of placental
drug transfer should consider both apical and basolateral transfer
clearance rates.

In addition to the model parameters investigated herein
(placental blood flow, apical and basolateral influx and efflux
clearance rates and differential protein binding in mother and
fetus), the degree of a drug’s ionization could also affect placental
transfer as only the non-ionized drug fraction can cross the
trophoblast membrane. The pH of the fetal blood is ∼0.1
log unit lower than that of the maternal blood. Although
this is generally of less concern under normal conditions,
the pH difference may be exaggerated in the case of fetal
asphyxia, or in situations of severe maternal hemorrhage
and coagulopathy requiring blood transfusions (70). In the
case of weakly basic drugs, a lower pH value of the fetal
blood is associated with a higher fraction of the ionized
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form of the drug leading to ion trapping and higher drug
concentrations in the fetal blood as has been observed e.g.,
for bupivacaine (71) and lidocaine (72). Among the drugs
investigated herein, only ondansetron is weakly basic with
a pKa of 7.80 (73) which might have partly contributed
to the underestimation of ondansetron concentrations in the
umbilical vein.

As stated above, it is difficult to accurately identify
mechanisms of the misfit between predicted and observed
pharmacokinetics because multiple factors can affect the
predictions in a similar fashion. For example, ondansetron
pharmacokinetics could be better described by either a
higher fetal fraction unbound; a higher ratio of influx-
to-efflux transfer clearance across the apical membrane; a
higher transfer clearance across the basolateral membrane;
by potentially accounting for the different pH value in fetal
blood; or by a combination of all these factors. This indicates
that further clinical data of well-characterized drugs are
required to systematically inform placental blood flow rates,
passive and active transfer processes as well the effect of
differential protein binding and pH values between maternal and
fetal blood.

Another limitation of the presented maternal-fetal PBPK
models is the lack of a mechanistic integration of drug
transporters in the placenta. On a physiological level, the
differences in influx/efflux diffusion clearances might be
attributed to the presence of drug transporters in the placenta.
The presented findings highlight the fact that an adequate
parametrization of transporter activities in the apical and
basolateral membrane of the trophoblasts is crucial for
predicting fetal drug exposure. Currently, the integration
of placental transporters in PBPK models is hampered
by the scarce information on transporter abundance in
the (syncytio)trophoblasts.

Additionally, placental metabolism has not been accounted
for in this study. Yet, the expression or activity of numerous
drug-metabolizing enzymes has been found to be absent in the
human term placenta (74, 75). In fact, the enzymes involved
in the metabolism of the drugs investigated herein—except
for acyclovir and emtricitabine—are either not expressed or
not functionally active in the term placenta. To the best of
our knowledge, the expression of aldehyde oxidase, which is
responsible for metabolism of acyclovir [∼10% of the dose in
non-pregnant adults (15)], has not yet been studied in the human
term placenta, while the enzyme involved in metabolism of
emtricitabine [∼29% of the dose in non-pregnant adults (15)]
is not identified. Therefore, it appears unlikely that placental
transfer of the investigated drugs could have been influenced
by placental metabolism. Still, for other drugs, especially
those with a high extraction ratio, placental metabolism, if
present in vivo, should be accounted for in the model as
this would potentially decrease the net flux of drug across
the placenta.

Finally, this study was limited to eight drugs. It is evident that
further models and additional clinical data from both mother
and fetus are needed to further advance our understanding of
placental drug transfer. While pregnant women have historically
been excluded from clinical trials, the lack of drug studies in
pregnant women has been recognized as a major health issue
(76). There seems to be a slow paradigm shift arguing in favor
of the inclusion of pregnant women in clinical research (77–
79) which is also, at least to some extent, reflected by recent
guidance documents from theUS Food andDrug Administration
(FDA) (7). Hence, it can be expected that more clinical data
in pregnant women will be generated within the next years.
Analyzing these data with modeling and simulation techniques
will help to interpret these data by mathematical abstraction and
thus generate further insights in maternal-fetal pharmacology.

In conclusion, our current understanding of drug transfer
kinetics across the placenta is only rudimentary. The findings
indicate that, in the late third trimester, differential protein
binding characteristics in the maternal and fetal system give rise
to only minor differences in maternal-fetal exposure to albumin-
bound drugs, especially if protein binding is low or moderate.
Differences in placental influx and efflux clearance, however,
were found to be highly relevant stressing the importance of
drug transporters in the placenta. Hence, further clinical studies
are required to better disentangle and quantify both passive
and active transfer processes across the apical and basolateral
membrane of the trophoblast. This updated PBPK model
structure is freely shared on OSP GitHub (https://github.com/
Open-Systems-Pharmacology) for further applications and/or
refinements that were beyond the scope of this study. Ultimately,
once the confidence in maternal-fetal PBPK models has been
established, these models might be, among other approaches, a
powerful tool to support informed decision making for a safe and
efficient pharmacotherapy targeting the mother and/or fetus.
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Pregnancy and the postpartum period are associated with several physiological changes
that can alter the pharmacokinetics (PK) and pharmacodynamics (PD) of drugs. For
certain drugs, dosing changes may be required during pregnancy and postpartum to
achieve drug exposures comparable to what is observed in non-pregnant subjects. There
is very limited data on fetal exposure of drugs during pregnancy, and neonatal exposure
through transfer of drugs via human milk during breastfeeding. Very few systematic
clinical pharmacology studies have been conducted in pregnant and postpartum women
due to ethical issues, concern for the fetus safety as well as potential legal ramifications.
Over the past several years, there has been an increase in the application of modeling
and simulation approaches such as population PK (PopPK) and physiologically based
PK (PBPK) modeling to provide guidance on drug dosing in those special patient
populations. Population PK models rely on measured PK data, whereas physiologically
based PK models incorporate physiological, preclinical, and clinical data into the model
to predict drug exposure during pregnancy. These modeling strategies offer a promising
approach to identify the drugs with PK changes during pregnancy to guide dose
optimization in pregnancy, when there is lack of clinical data. PBPK modeling is also
utilized to predict the fetal exposure of drugs and drug transfer via human milk following
maternal exposure. This review focuses on the current status of the application of PBPK
modeling to predict maternal and fetal exposure of drugs and thereby guide drug therapy
during pregnancy.

Keywords: maternal, fetal, pharmacology, pregnancy, PBPK

Pregnant women take one to three medications on an average in addition to the routine iron and
vitamin supplements recommended during pregnancy (1). Pregnant women take medications for
acute illnesses such as nausea and vomiting, upper respiratory tract and urinary tract infections or
for chronic conditions such as psychiatric disorders, HIV infection, epilepsy, organ transplantation,
rheumatological conditions, or substance abuse disorder. Pharmacotherapy is also needed for
pregnancy-induced conditions like hypertensive disorder, preterm labor and gestational diabetes
(2). Pregnant women and their fetuses are orphan populations with regards to information on the
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safety and efficacy of drugs. Ninety eight percent of the drugs
approved in the United States between 2000 and 2010 have
insufficient data on drug dosing during pregnancy, while seventy
percent of them have no data on drug use in pregnancy (3).
Pregnant women are excluded from clinical studies due to
ethical, fetal safety and medico-legal concerns. Therefore, there
is limited data available on PK and PD of drugs used in
pregnancy. Table 1 lists the issues and potential confounding
factors contributing to the lack of PK and PD data in pregnancy.
Current dosing recommendations in pregnancy are based on
data obtained from non-pregnant population. In this context,
modeling and simulation techniques like PopPK or PBPK
can provide additional information regarding appropriate drug
dosing in this special population. A summary of ideal studies
that could be conducted during pregnancy and the next best
alternative or alternate approaches that can be used when
a clinical study is not practical to obtain necessary data, is
presented in Table 2.

PHYSIOLOGICAL CHANGES DURING

PREGNANCY

Several physiological changes occur during pregnancy that
help support the growth and development of the fetus. The
absorption, distribution, metabolism and excretion processes of
drugs can be altered during pregnancy and may contribute to
altered PK of drugs. Table 3 summarizes pregnancy mediated
physiological changes that can impact PK processes. Reduced
gastrointestinal motility and delayed gastric emptying time
during pregnancy can reduce drug absorption. There is an
increase in gastric pH during pregnancy which can lead to
changes in absorption of acidic drugs due to increased ionization
(10, 11). A systematic study evaluating the impact of changes
in drug absorption on pharmacokinetics after intravenous vs.

TABLE 1 | Need for designed pharmacological studies performed during
pregnancy, lactation and postpartum.

Scope of the problem Contributors to the problem

• Inadequate pharmacological
studies performed during
pregnancy, lactation and
postpartum

• Limited data on pregnancy
mediated changes in drug
exposure and response

• Optimal dosing for pregnant,
lactating, postpartum women
unclear for most medications

• Impact of drug exposure on fetal
growth and development is unclear
for almost all medications used
during pregnancy

• Limited data on drug transfer
through breast feeding

• Limited incentive for industries
(safety—liability issues)

• Pregnancy is an exclusion in most
clinical trials

• Inadequate funding for clinical
pharmacology research in pregnant,
lactating and postpartum women

• Inadequate number of investigators
qualified to perform or engaged in
such studies

• Inconvenient study designs for
participants

• Need for innovative sampling
techniques and
modeling approaches

oral administration during pregnancy and postpartum is lacking.
Several physiological changes may alter drug distribution such
as increased plasma volume, maternal plasma protein dilution
or organ volume variation (fat) (12–14). The expression and
activity of certain CYP enzymes change during pregnancy
which may lead to change in metabolism of selected substrates.
The metabolism of drugs catalyzed by cytochrome P450
(CYP) isoenzymes CYP3A4, CYP2D6, CYP2C9 and certain
uridine glucuronosyltransferases (UGT) isoenzymes UGT1A4
and UGT1A9 is increased during pregnancy (15) and the
metabolism of CYP1A2 and CYP2C19 substrates is decreased
during pregnancy (15, 16).

Accumulating in-vivo and in-vitro data suggests that the
increased levels of steroid hormones during pregnancy might
be responsible for altered metabolism of certain substrates (17).
For example, UGT1A1 up-regulation was seen in progesterone
treated HEPG2 cells co-transfected with PXR as compared to
control cells. An increase in the glucuronidation (UGT1A4) was
observed in 17-beta estradiol treated HEPG2 cells co-transfected
with ERα receptor (18). Progesterone treatment caused up-
regulation of UGT1A in pregnant humanized UGT1A/ PXR
mice as opposed to pregnant humanized UGT1A mice with PXR
knockout suggesting the role of PXR activation leading to the up-
regulation of UGT1A enzymes (19). The renal excretion of drugs
is increased during pregnancy due to a 60–80% increase in renal
blood flow and a 50% increase in glomerular filtration rate (20).
To date there is limited data available elucidating the effect of
pregnancy on intestinal, hepatic and renal transporters involved
in the absorption, distribution, efflux, secretion and reabsorption
of drugs.

PBPK MODELING TO PREDICT DRUG

EXPOSURE DURING PREGNANCY

Model-based approaches can provide some information
regarding drug exposure and drug dosing in various patient
populations when direct clinical data is not available.
PBPK is a tool that can be used to predict drug exposure
in such patient populations. This model-predicted data
can be used to optimize drug dosing in special patient
populations and can be further fine-tuned as more clinical
data becomes available.

PBPK is a mechanistic approach that has been used in the
drug development processes to determine safe and optimal
doses to be used in clinical trials, estimate drug exposure in
special populations and also to predict drug-drug interactions
(21). It can be used as a viable alternative to generate clinical
data in special patient populations. Regulatory agencies such
as the US FDA and the European Medicines Agency have
accepted the use of PBPK modeling to facilitate the decision-
making process for conducting a clinical study in submissions
for Investigational New Drug and New Drug Applications
(22–24). PBPK models are multicompartmental models in
which each compartment corresponds to one or more organ
and is interconnected by the circulatory system. It integrates
important physiological parameters (e.g., blood flow, enzyme
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TABLE 2 | Ideal studies in pregnancy and alternative approaches.

Ideal studies Next best alternatives Alternate approaches

• Drug exposure studies (Pharmacokinetics over a dosing interval)
in first, second, third trimester and post-partum

• Drug response studies over a dosing interval (first, second, third
trimester and post-partum)

• Maternal drug safety assessments (first, second, third trimester
and post-partum)

• Fetal / Neonatal drug safety assessments (monitoring of
neonates and newborn)

• Drug excretion in breast milk (total amount excreted in breast
milk over a dosing interval)

• Surrogate drug exposure studies (limited
sampling strategy or trough level) in first,
second, third trimesters and post-partum

• Limited drug response studies (first, second,
third trimester and post-partum)

• Placental (in vitro) perfusion studies
• Cord blood sampling for fetal exposure

assessments
• Milk to plasma ratio for drugs in lactating

women
• Placental perfusion studies
• Placenta on a chip study

• Predictions based on probe drug studies
for DME and transporters

• Population PK modeling
• PBPK modeling and simulations

TABLE 3 | Physiological changes and potential impact on PK of drugs.

Pharmacokinetic

parameter

Effect of pregnancy Potential impact on

pharmacokinetics

Clinical example

Absorption Decrease in gastrointestinal motility and gastric
emptying time
Increase in gastric pH
Increase in gastrointestinal blood flow
Alterations in enzymes and transporters involved in
absorption of drugs

Increase or decrease in the rate of
absorption
Increase or decrease in bioavailability

Aspirin Cmax decreased by 29% during pregnancy
(4)
Lower Cmax of metoprolol during pregnancy (5)

Distribution Increase in cardiac output
Increase in total body water and fat
Decrease in plasma protein binding

Increase in volume of distribution Increase in volume of distribution of metoprolol
during pregnancy (5)

Metabolism Alterations of CYP and UGT enzyme activity
Increase in hepatic blood flow

Increase or decrease in metabolism
of substrates

Decrease in clearance of caffeine (CYP1A2
substrate) during pregnancy (6)
Increase in Clearance of lamotrigine (UGT1A4
substrate) during pregnancy as compared to
postpartum (7)

Excretion Increase in renal blood flow
Increase in glomerular filtration rate
Alterations of enzymes and transporters involved in
tubular reabsorption and secretion

Increase in renal excretion
Increase or decrease in tubular
reabsorption and secretion

Unbound renal secretion of digoxin increased during
pregnancy due to increased P-gP activity (8)
Increased renal secretion and renal clearance of
amoxicillin during pregnancy as compared
to postpartum (9)

and transporter abundance, cardiac output, glomerular filtration
rate) and drug related parameters (blood-to-plasma ratio, plasma
protein binding, permeability, solubility, in vitro metabolism
or transport) which are known to influence drug PK and
PD (25). Figure 1A represents an example of a minimal
PBPK model (26) and Figure 1B represents an example of
a PBPK model with each tissue/organ in the body being
considered as a separate compartment (27). Pregnancy creates
the need for additional compartments in the PBPK model.
Figure 2 depicts the structure of pregnancy-PBPK (p-PBPK)
model used in three different PBPK modeling software. The
most important compartment in a p-PBPK model is the fetal
unit. This is combined into a single “lumped” compartment
known as the fetoplacental unit in the Simcyp and GastroPlus
software. The fetoplacental unit incorporates the fetus, placenta,
amniotic fluid, membranes and umbilical cord as depicted in
Figures 2A,B. However, in the Open Systems Pharmacology
software package, each of these units are considered discrete
and accounted for separately, along with the inclusion of

myometrium and endometrium, as seen in Figure 2C. Table 4
summarizes the physiological parameters that are considered in
the Simcyp p-PBPK model.

CURRENT STATUS OF PREGNANCY PBPK

MODELS

Physiological changes during pregnancy are gestational age
dependent. For example, the activity of UGT1A4 increased by
200% during the first and second trimesters and by 300% during
the third trimester leading to increased clearance of lamotrigine
(7). Similarly, the changes in organ blood flow, activity of
certain metabolic enzymes and transporters are dependent on
gestational age. The p-PBPKmodels incorporate these gestational
age-related physiological changes into a normal PBPK model to
simulate pregnant population. These p-PBPKmodels can then be
used to predict the gestational age dependent pharmacokinetics
of different drugs.
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FIGURE 1 | (A) Minimal PBPK model with two tissue compartments (26). (B) Example of a PBPK model (27).
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FIGURE 2 | Basic structure of p-PBPK model in (A) Gatsroplus (B) SimCyp and (C) Open Systems Pharmacology (28).

TABLE 4 | Physiological parameters that are modified for pregnancy prediction in
Simcyp p-PBPK model.

List of parameters

Cardiac output
Total body weight
Total fat
Plasma volume
Red blood cell volume
Hematocrit
Serum albumin
Skin blood flow rate
Adipose blood flow rate
Renal blood flow rate
Fetoplacental unit blood flow rate
Enzyme and transporter activity

Several p-PBPK models have been developed and evaluated
for antiretroviral, anti-malarial, psychoactive drugs, drugs used
for the treatment of substance use disorder and environmental
chemicals. Although these models have been able to predict the
pharmacokinetics of certain drugs during pregnancy reasonably
well, there are still several challenges that remain unresolved.
There is no/limited information available to fully evaluate all
the assumptions that are used in such models. There is paucity
of data on combined effect of pregnancy and disease state
(e.g., diabetes, malaria, hypertensive disorder) on gestational
age-related changes in various physiological parameters and
hence the predictions must be interpreted with caution. Data
for drug elimination kinetics are typically scaled from in-
vitro cell culture experiments and these experiments do not

account for all the physiological changes which necessitates
additional extrapolation factors to be incorporated. There is
lack of information regarding changes in all drug metabolizing
enzyme and transporter activity across gestational ages. Enzyme
or transporter activity determined using probe drug data is
specific to the trimester in which the study was conducted and
cannot be extrapolated to other trimesters.

An exhaustive literature search was conducted using PubMed
with the keywords PBPK and pregnancy. The results from the
search with clinical observations are listed inTable 5with specific
examples discussed below.

REVIEW OF PREGNANCY PBPK MODELS

REPORTED IN THE LITERATURE

PBPK modeling has been used as a tool to guide and optimize
drug dosing in pregnancy for several drugs and scenarios
discussed below.

Drug Based Studies
Ziprasidone is an antipsychotic drug used to treat schizophrenia
and other psychiatric disorders. It is administered orally and
is metabolized by CYP3A4 primarily in the liver. Biesdorf
et al. established a PBPK model to predict drug exposure
during pregnancy using the Simcyp inbuilt pregnancy population
which includes gestational age-related changes in blood flow,
glomerular filtration rate, plasma protein binding etc. Since
the model used the pregnancy population in Simcyp, some
physiological changes that were not very specific to the route of
elimination of Ziprasidone were also incorporated. The model
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TABLE 5 | Review of published p-PBPK models.

Compound Route of

administration

Clinical observations Recommended dose

adjustment based on PBPK

modeling

Software Reference

Acetaminophen IV and oral dosing Lower acetaminophen
concentrations during pregnancy
as compared to non-pregnant
women

No dose adjustments since there
is lack of data on toxicity of the
metabolite NAPQI

Open Systems
Pharmacology®

(29)

Amoxicillin IV bolus and infusion Increased renal clearance during
pregnancy and postpartum

May need increased dosing
No clinical recommendations

Open Systems
Pharmacology®

(30)

Betamethasone IV, IM and oral dosing Increased clearance during
pregnancy

No clinical recommendations Simcyp® (31)

Buprenorphine Sublingual Decreased buprenorphine
exposure during pregnancy as
compared to postpartum

Increased dose/ more frequent
dosing

Simcyp (32)

Caffeine Oral dosing Increased maternal and fetal
exposure during pregnancy due
to reduced CYP1A2 activity

Limit caffeine intake GastroPlus® (33)

Caffeine, Midazolam,
Nifedipine, Metoprolol
Ondansetron,
Granisetron, Diazepam
and Metronidazole

IV and oral dosing Increase in clearance of
CYP2A6, CYP2E1, CYP2D6 and
CYP3A4 substrates and
decreased clearance of CYP1A2
and CYP2C19 substrates

Likely changes in dosing
No clinical recommendations

Open Systems
Pharmacology®

(34)

Caffeine, Metoprolol,
Midazolam

IV Bolus, Oral dosing 100% increase, 30% decrease
and a 35% decrease in the
exposure of caffeine, metoprolol,
and midazolam respectively
during pregnancy

Decreased dose for caffeine and
increased dose for metoprolol
and midazolam

Simcyp® (35)

Cefazolin, Cefuroxime,
Cefradine

IV and oral dosing Increased clearance of the three
drugs during pregnancy

Increased dose during
pregnancy

Open Systems
Pharmacology®

(36)

Ceftazidime,
Cefuroxime,
Fluconazole,
Aztreonam, Imipenem,
Ceftriaxone

IV and Oral dosing Decrease of in vivo drug
exposure (for all 6 drugs) in
pregnant women due to
increased renal clearance

No dose changes Simcyp® (37)

Cefuroxime, Cefazoline IV infusion, IV bolus or
infusion

Model accurately predicts
changes in renal clearance for
both drugs, however inclusion of
postpartum data is necessary for
fine tuning

No clinical recommendations GastroPlus® (38)

Darunavir boosted with
ritonavir

Oral dosing Decreased Darunavir exposure
during second and third trimester
of pregnancy

Increased dose or dosing
frequency during pregnancy

Simcyp® (39)

Dolutegravir Oral dosing Dose of 50mg q.d Dolutegravir
provides sufficient fetal exposure,
resulting in 90% viral inhibition

No dose changes Berkeley Madonna (40)

Dolutegravir, Raltegravir Oral dosing Decreased exposure during
pregnancy

No dose changes Open Systems
Pharmacology®

(41)

Emtricitabine and
Acyclovir

Oral dosing Lower emtricitabine and
acyclovir concentrations during
pregnancy with the lowest
concentrations during the third
trimester

No dose changes Open Systems
Pharmacology®

(42)

Emtricitabine,
Dolutegravir, Raltegravir

Oral dosing Neonatal washout kinetics
observed for all three drugs

No clinical recommendations Open Systems
Pharmacology®

(43)

Indomethacin Oral dosing Higher indomethacin clearance
during second trimester as
compared to non-pregnant
women.

Higher dosing requirement
during pregnancy

Gastroplus® (44)

(Continued)
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TABLE 5 | Continued

Compound Route of

administration

Clinical observations Recommended dose

adjustment based on PBPK

modeling

Software Reference

Indomethacin Oral dosing Decrease in indomethacin
exposure by 14, 24, and 32% in
the first, second and third
trimester respectively, compared
to non-pregnant women.

Additional clinical studies
warranted to provide optimal
dosing recommendations

Simcyp® (45)

Metformin, digoxin,
emtricitabine,
midazolam

Oral dosing Decreased exposure during
pregnancy due to increased
clearance

No clinical recommendations GastroPlus® (46)

Metformin, Tacrolimus,
Oseltamivir

Oral dosing Increased renal clearance of
metformin during pregnancy as
compared to postpartum. 20 %
decrease in AUC of tacrolimus
between 1st and 3rd trimester.
AUC of parent drug (oseltamivir)
similar but AUC of metabolite
(oseltamivir carboxylate) 30%
lower during pregnancy.

No clinical recommendations Simcyp® (47)

Methadone, Glyburide,
Phenytoin

Oral dosing Increased clearance of
methadone and glyburide during
pregnancy as compared to
postpartum

No clinical recommendations Simcyp® (48)

Midazolam, Nifedipine,
Indinavir

Oral dosing Increased clearance during
pregnancy

No clinical recommendations MATLAB (49)

Midazolam,
Theophylline,
Zidovudine, Nevirapine,
Emtricitabine,
Lamivudine,
Ondansetron,
Diazepam,
Metronidazole,
Cefuroxime

IV and oral dosing Increase in fetal exposure with
pregnancy age for all drugs

No clinical recommendations GNU MCSim (50)

Piperaquine Oral dosing Pharmacokinetics unchanged as
compared to non-pregnant
women

No need for dosage adjustment Simcyp® (51)

Quetiapine Oral dosing Decreased concentrations
during pregnancy

Dose increase during pregnancy Simcyp® (52)

Quetiapine, Aripiprazole Oral and IV dosing Progressively decreased plasma
concentrations throughout
pregnancy

Dose for both drugs needs to be
increased in the second and
third trimesters.

Open Systems
Pharmacology®

(53)

Tenofovir, emtricitabine,
lamivudine

IV and Oral dosing Increase in renal clearance of
drugs during pregnancy

No need for dosage adjustment Simcyp® (54)

Theophylline,
Paroxetine, Clonidine,
Dextromethorphan

Oral dosing Increased concentration of
theophylline during third
trimester. 100–200% induction of
CYP2D6 during third trimester
adequately describes the
pharmacokinetics of paroxetine,
clonidine and dextromethorphan
during pregnancy.

No clinical recommendations Simcyp® (55)

Ziprasidone Oral dosing No significant difference in
exposure as compared to
non-pregnant women

No dose adjustment necessary Simcyp® (56)

predicted exposures correlated well with the clinical data and
exposure of ziprasidone during pregnancy at 6, 20, and 34 weeks
of gestation. Since the exposure of ziprasidone during pregnancy

was comparable to non-pregnant women, no dose adjustment
is recommended during pregnancy for this drug (56). Ke et al.
developed a PBPK model to evaluate maternal exposure of
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the antenatal corticosteroids dexamethasone and betamethasone
which are primarily metabolized by CYP3A4. In this model,
the fraction of dexamethasone metabolized by CYP3A4 was
obtained from a clinical DDI study with itraconazole. However,
for betamethasone, an in-vitro study was conducted to investigate
the role of CYP3A4 in its metabolism. Ideally a clinical DDI study
should be conducted to verify the fraction of betamethasone
metabolized by CYP3A4 (31).

Quetiapine, an antipsychotic drug metabolized mainly by
CYP3A4 and CYP2D6, shows decreased exposure during
pregnancy possibly due to known increase in the activity of these
two enzymes. A PBPK modeling approach was used to optimize
the dosing regimen to target a predetermined therapeutic range
(52). Though the model recommended a dose increase during
pregnancy, information about the pregnancy mediated changes
on PD is also needed to implement the recommended change in
the dose during pregnancy.

Probe Drug-Based Studies
PBPK models developed previously have been also modified/
refined to determine the exposure of substrates during
pregnancy. Ke et al. refined a previously published PBPK
model to include CYP3A4 activity changes during the third
trimester based on data from the probe drug midazolam and
used it to predict the exposures of nifedipine and indinavir
in pregnancy. The site of CYP3A4 induction during the third
trimester was proposed to be mainly the liver (49). However,
subsequent models were not able to reproduce these findings.
The model by De Sousa Mendes et al showed that a 90–100%
CYP3A4 induction is required to capture the PK changes in third
trimester for drugs metabolized by CYP3A4 (57). Whereas the
model by Dallmann et al. using Open Systems Pharmacology
suggested that a 60% induction in liver and intestine CYP3A4 is
enough to describe the observed PK changes (58). There is still
ongoing discussion regarding the magnitude and site of CYP3A4
induction in pregnancy and there are several shortcomings
with using probe drug data for CYP3A4 assessments of CYP3A
activity for other drugs. The models developed cannot be applied
to predict the pharmacokinetics of other drugs and also for
evaluating the pharmacokinetics across different trimesters.

Renally Cleared Drugs
Liu et al. developed a p-PBPK model for emtricitabine and
acyclovir which are antiviral drugs primarily excreted unchanged
in the urine by glomerular filtration and tubular secretion
(42). The model had several limitations such as not accounting
for potential changes in gastrointestinal absorption due to
pregnancy. Additionally, since intravenous data for acyclovir in
women was not available, observed drug concentrations were
extrapolated based on PK data frommen. A previously developed
PopPK model for ganciclovir, a drug in the same class as
acyclovir, has shown higher ganciclovir clearance in women
than men after correcting for individual body surface area and
glomerular filtration (59). Therefore, it is likely that there may
be a significant underestimation of acyclovir as well in the model
developed by Liu et al.

Pregnancy and Genotype Impact
A limited number of PBPK models in the literature have
evaluated the impact of genotype on pharmacokinetics of drugs
during pregnancy. Efavirenz which is used for the treatment
of human immunodeficiency virus (HIV) is metabolized by
the highly polymorphic enzyme CYP2B6. Though both 400mg
and 600mg doses show similar efficacy, a 400mg dose is
suggested to avoid dose related toxicities. However, there is
limited data on the PK of 400mg dose in pregnancy. p-PBPK
model developed by Chetty et al. using Simcyp evaluated the
pharmacokinetics after a reduced dose of 400mg in CYP2B6
extensive metabolizers. The model predicted that approximately
57% of extensive metabolizers would show trough concentrations
below the therapeutic target during third trimester, suggesting
dose reduction during pregnancy may lead to therapeutic failure
in extensive metabolizers (60). The utility of this model to predict
drug exposure in rapid and ultra-rapid metabolizers during
pregnancy remains unknown. Additionally, evidence suggests
that race and ethnicity have an impact on CYP2B6 activity. The
model by Chetty et al. has been developed and evaluated only
for the Caucasian population and therefore the generalizability
of the model to other populations is questionable. Models
incorporating other inbuilt populations such as in Simcyp (e.g.,
Japanese, Chinese etc.) can be used to optimize drug dosing in
the non-Caucasian populations (61).

Pregnancy and Drug Response
p-PBPK models have also been extended to determine the PD
effect of drugs used in pregnancy. Darakjian et al. developed
a PBPK-PD model for caffeine in pregnancy. The PD model
evaluated the effect of caffeine on phosphodiesterase enzyme
(PE), cyclic adenosine monophosphate (cAMP) and epinephrine
levels, which are factors associated with increased miscarriage
risk. Increased caffeine plasma levels due to reduction in CYP1A2
activity during pregnancy led to greater inhibition of the PE
enzyme, higher cAMP and greater increase of epinephrine levels
which could increase the risk of pregnancy loss. Despite not
being validated, the model was able to predict the increased
concentration of caffeine in the fetoplacental compartment
indicating its potential utility (33). Alqahtani et al. developed
a PBPK-PD model to estimate concentrations of indomethacin
in the second trimester of pregnancy and to support dose
adjustment based on PD rationale in the pregnant population.
Although the PBPK-PD model suggested a higher indomethacin
dosing requirement during pregnancy, it cannot be directly used
in clinical practice without further in-vivo validation (44).

Pregnancy and Drug Interactions
PBPK models can be potentially used to predict drug-drug
interactions in pregnancy when it is difficult to conduct
clinical studies in vulnerable populations. Piperaquine is an
antimalarial drug used during pregnancy. Approximately 1
million pregnancies in sub-Saharan Africa are complicated
with co-infection of human immunodeficiency virus (HIV) and
malaria, however there is paucity of data on anti-HIVmedication
mediated exposure changes of piperaquine during pregnancy
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(62). Olafuyi et al. developed a PBPK model to predict the drug-
drug interaction potential between piperaquine and anti-HIV
drugs (ritonavir and efavirenz) for Thai, Papua New Guinean,
and Sudanese populations. The model showed no change in
piperaquine PK due to co-administration of anti-HIV drugs and
indicated no need for a change in the dose (51).

CURRENT STATUS OF p-PBPK MODELS

USED TO DETERMINE FETAL EXPOSURE

The p-PBPK model becomes more complex upon addition of the
fetoplacental unit since the model requires inclusion of placental
transfer parameters, fetus and placental enzyme and transporter
kinetics and blood flow to various additional anatomical units to
predict exposure in fetus.

The in-vitro placental perfusion model is one of the tools
used to study transplacental transfer of drugs (63). It can also
be used to investigate the effect of exogenous and endogenous
chemicals on maternal and fetal perfusion and transfer. It offers
several advantages as the placental barrier is maintained and
separate perfusion of the maternal and fetal side can be achieved.
However, information about transplacental drug transfer and
expression of enzymes and transporters during different stages of
pregnancy cannot be obtained as the tissue for perfusion studies
is normally available only at the time of delivery. The placenta
is in a metabolically static state during these experiments as
compared to the metabolically changing state during different
stages of pregnancy (63, 64). Transplacental transfer parameters
like diffusion, clearance index, elimination constant and placenta
partition coefficient can be obtained from these experiments and
incorporated in a PBPK model to predict fetal exposure later
in pregnancy. The placental perfusion has been instrumental in
developing PBPK models and has been used for predicting fetal
exposure of dolutegravir, tenofovir, emtricitabine, and nevirapine
(40, 57, 65).

Another approach is to incorporate data from in-vitro
experiments using placental tissue, microsomes or human
placental cell lines.Mian et al. developed a PBPKmodel to predict
fetal exposure of acetaminophen. Different methods to estimate
the placental transfer (ex vivo cotyledon perfusion experiments
or scaling based on Caco-2 cell permeability experiments,
physicochemical properties in MoBi) were incorporated in the
model and the predictions show a comparable fetal exposure.
Maturation of enzymes in the fetal liver was accounted for to
determine the molar dose fraction of acetaminophen converted
to N-acetyl-p-benzoquinone imine. The model incorporating
the ex-vivo perfusion model data showed the best correlation
with observed cord blood data for acetaminophen but may not
hold true for all compounds (29). There is limited information
available on placental enzymes and transporters in particular
at various stages of pregnancy and further studies in this area
would be helpful in developing IVIVE for placental clearance
across various trimesters. Data obtained from primary placental
cells, human choriocarcinoma cells or placenta-on-a-chip model
may be more physiologically relevant to obtain transplacental
parameters (66, 67). Protein abundance information for placental

transporters which is available from recent reports can be
incorporated into maternal-fetal PBPK models to further
improve the model predictions (68).

Animal models offer another promising approach but
differences in hemodynamics and placental structure can pose
challenges in extrapolation of animal data to humans. The
gestational age and the associated changes in physiology differ
substantially between animals and humans requiring correction
factors while extrapolating these data to humans. A PBPK model
to predict fetal exposure of a brominated flame retardant, BDE-47
was developed by parameterizing the model with concentrations
of BDE-47 from the literature and previous pharmacokinetic and
toxicokinetic studies. This model was able to predict the fetal
concentrations of BDE-47 in rats after maternal exposure within
one standard deviation of the experimental data indicating its
potential to be extrapolated to other species including humans
after careful consideration of anatomical and physiological
differences in placental structure and function (69).

Abduljalil et al. reviewed the literature for studies evaluating
changes in fetal parameters (e. g., body weight, body surface
area, body water, abdominal circumference, body fat) during fetal
growth. This data was used to create mathematical algorithms to
describe changes in these fetal parameters with gestational age
which can potentially be added to the fetal PBPK model (70).

Transplacental transfer parameters from in silico models, in
vitro and ex vivo studies have been incorporated into p-PBPK
models. Codaccioni et al. developed p-PBPK model for ten
compounds using four different models of placental exchange
based on in vitro, ex vivo, and in silico information. The non-
pregnant and pregnant as well as fetal PK simulations were
compared with observed profiles at delivery for each of the
ten compounds. A comparison of the model predictions across
different trimesters of pregnancy yielded inconclusive results.
These models can be optimized and potentially be used based on
the purpose of the study and type of data and resources available
(50). In the absence of clinical data to evaluate the fetal PBPK
models, umbilical cord concentrations observed at delivery were
used. Zhang et al. developed a maternal-fetal PBPK model which
incorporated gestational age-related changes in fetal physiologic
parameters such as fetal serum albumin, liver volume, uterus
blood flow etc. Sensitivity analysis identified that a single time-
point umbilical venous/ maternal plasma ratio is not reflective
of the fetal exposure (71). The various gaps in knowledge
for modeling maternal-fetal pharmacology are summarized in
Table 6.

An exhaustive literature search was conducted using PubMed
with the keywords PBPK and fetal exposure. The publications
from the search describing the development and validation
of p-PBPK models to determine fetal exposure are presented
in Table 7.

EXAMPLES OF p-PBPK MODELS TO

PREDICT FETAL EXPOSURE OF DRUGS

Fetal drug exposure is normally important from a fetal safety
perspective. From efficacy point of view while normally one is
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interested in maternal drug exposure, there are conditions where
fetal exposure is also important to maximize efficacy. Darunavir,
an anti-HIV drug, primarily metabolized by CYP3A4 is routinely
administered with CYP3A4 inhibitor ritonavir to maintain
higher plasma concentrations during pregnancy. p-PBPK model
was developed by incorporating information from ex vivo human
placental perfusion studies to simulate fetal exposure after
different dosing regimens (72). The model was validated by
comparing maternal, fetal and amniotic fluid concentrations.
The fetal concentration was compared with the single time-point
umbilical cord concentration obtained at delivery. Themodel was
able to capture the observed clinical data thus indicating that the
placental perfusion data can be successfully integrated into p-
PBPK models to predict fetal blood concentration at term. This

TABLE 6 | Current gaps in modeling maternal-fetal pharmacology.

Maternal pharmacology Fetal pharmacology

1. Lack of data on time course of
changes in expression and
activities of various phase 1 and 2
enzymes during pregnancy and
postpartum

2. Lack of data on Time course of
changes in various transporters
during pregnancy and postpartum

3. Lack of data from same person
during and post-delivery

4. Lack of PD
measures—Relationship between
exposure and response

5. Lack of information on potential
impact of other comorbid
conditions on PK/PD

6. Lack of PBPK models of biologics

1. Actual fetal exposure / blood and
tissue concentration prediction not
available—need for validation with
meaningful clinical data

2. Lack of data on exposure response
relationship in fetus

3. Placental enzymes and transporter
expression data to incorporate
transplacental transfer in PBPK
model

4. Maternal-placental-fetal drug
partitioning—factors impacting this
such as plasma protein binding in
mother, fetus, and role of
placental transporters

approach is especially beneficial in the case of anti-HIV drugs to
ensure that the half-maximal effective concentration is achieved
in the fetus and the mother.

Zhang et al. developed a model to predict the placental
transfer of passively diffusing drugs. The transplacental transfer
parameters for zidovudine and theophylline were obtained
using midazolam as the calibrator. The model was validated
using single time-point maternal plasma and umbilical cord
concentrations and the model was able to successfully predict
the concentrations observed in patients. However, this model
can only be used for drugs that undergo passive diffusion across
the placenta. The use of a more sensitive calibrator that can
predict placental transfer of a wide range of drugs with different
physiochemical properties can enhance the utility of this model
to predict fetal exposure of other drugs (82).

PBPK modeling has also been used to predict the fetal
exposure to environmental chemicals (83). Bisphenol A (BPA)
is an environmental chemical ingested through dietary and
non-dietary sources. It is rapidly converted to nontoxic
conjugates BPA-glucuronide (BPAG) and BPA-sulfate (BPAS) via
glucuronidation and sulfation pathways. Sharma et al. developed
a PBPK model for predicting the fetal exposure of bisphenol A
which was evaluated against the observed BPA concentrations
in cord blood, fetus liver and amniotic fluid following exposure
from maternal blood (76). Parametrization of glucuronidation
in fetus was done by scaling of in-vitro adult hepatocyte data
in the absence of data from fetal hepatocytes which could
have been a valuable addition to the model. Additionally,
incorporating information on conjugation and deconjugation of
BPA in placenta and fetus could lead to better prediction of the
fetal exposure using this model.

Physiologically based toxicokinetic (PBTK) models are
mathematical models that integrate absorption, distribution,
metabolism and excretion processes for chemicals in biological

TABLE 7 | List of published p-PBPK models to predict fetal exposure.

Compound Species in which model was

developed and validated

Software References

Darunavir Humans Simcyp® (72)

Dolutegravir Humans Berkeley Madonna (40)

Dolutegravir Humans-neonates SimBiology® (73)

Zidovudine, Theophylline Humans Simcyp®/ Matlab (74)

Acetaminophen Humans Open Systems Pharmacology® (75)

Nevirapine Humans R (57)

Tenofovir, emtricitabine Humans Simcyp®, R (65)

BDE-47 (polybrominated diphenyl ether) Male, female (pregnant and
non-pregnant rats)

ACSL® (Advanced Continuous Simulation Language) (69)

Bisphenol A Humans R (76)

Perfluorooctanoic acid (PFOA) and
Perfluorooctane sulfate (PFOS)

Humans ACSL® (Advanced Continuous Simulation Language) (77)

Manganese Humans ACSL® (Advanced Continuous Simulation Language) (78)

Thalidomide, Efavirenz Humans Simbiology® (79)

Napthalene Humans CFD-PBPK (80)

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) Pregnant female rats ACSL® (Advanced Continuous Simulation Language) (81)
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systems. These models can serve as a tool to inform health
risk assessments. They are traditionally based on extrapolating
simulations in animal model to predict human exposure.
For instance, Gingrich et al. developed a pregnancy specific
p-PBTK model to predict bisphenol A and bisphenol S
exposures in fetus (84). The model was calibrated using
pregnant sheep data and results were extrapolated to
assess the risk in humans However, this latter step remains
uncertain due to major differences in placental physiology
and structure between the species. More recently, high
throughput toxicokinetic (HTTK) modeling has been used
as an alternative in which models are parametrized with
in vitro data, structure-derived physicochemical properties
(e.g., QSAR) or species specific physiological data for several
chemicals (85).

PBPK Modeling to Predict Drug Exposure

in Neonates
Bunglawala et al. built a neonatal PBPK model for dolutegravir
using pediatric clinical data with assumptions that solubility,
body composition and transporter expression were similar to
adults (73). However, development and age-related changes are
known but were not accounted in the model. Further, the
possibility of drug exposure through maternal breast milk or
placenta was not considered, though it is known that dolutegravir
readily crosses the placenta.

In contrast to the approach described above, Liu et al.
developed a PBPK model to link prenatal and postnatal
pharmacokinetics using previously published p-PBPK models
for emtricitabine, dolutegravir and raltegravir (43). The total
drug amounts in fetal compartments at term delivery were
predicted and incorporated as initial conditions in the neonatal
PBPK model to predict drug concentrations in neonatal
elimination phase after birth. Emtricitabine is eliminated
unchanged in the urine by glomerular filtration and active
tubular secretion mediated by Organic Cation Transporter
2 (OCT2). The OCT2 ontogeny applied in this model is
based on data obtained from one term newborn only (86).
Hence, additional in-vitro and clinical data are needed to
further incorporate the ontogeny of OCT2 in the neonatal
PBPK models. Additionally, the model should be tested and
verified with information from other compounds as well as
coupled maternal-fetal-neonatal PBPK models to understand
early neonatal pharmacokinetics.

PBPK Modeling to Predict Transfer of

Drugs Through Human Milk and Infant

Exposure
Maternal milk is a rich source of nourishment and breast-
feeding is encouraged by the U.S. Department of Health
and Human Services due to the beneficial effects for the
mother as well as the infant. Maternal factors such as age,
parity, breastfeeding patterns, milk composition and volume
and physicochemical properties of the drug such as protein
binding, molecular weight and lipophilicity affect the amount
of drug transferred into human milk. Clinical studies focusing

on quantifying the human milk exposure of drugs are needed.
In the absence of clinical data, PBPK models have attempted
to quantify infant exposure through human milk by integrating
a breast tissue compartment. Loccisano et al. successfully
developed a PBPK model to determine exposure of PFOA and
PFOS in fetus and in infant through milk by extrapolating
a previously developed and evaluated model in rats (77).
As additional information on drug elimination kinetics in
fetus and infant becomes available, it could be incorporated
in to the model for better prediction of drug exposure in
neonates (87).

Two differing approaches implemented in the prediction of
infant exposure using PBPK are based on the method of drug
uptake into human milk from plasma. One approach considers
diffusion from drug in plasma via the breast tissue as done
in PBPK modeling for lactational transfer of methylmercury
(88). The other approach considers the direct passage of drug
into the breast milk without considering the breast tissue as in
the PBPK model to determine the infant exposure of organic
pollutants (89).

Merrill et al. developed a PBPK model to predict perchlorate
and iodide kinetics and subsequent perchlorate induced
inhibition of iodide uptake in lactating mothers. The model
was parameterized using data from previous models in male
rat, lactating rat and non-pregnant women. However, this
model has not been evaluated for perchlorate kinetics in
humans due to lack of available clinical data (90). Isoniazid
exposure to infant through breast milk was predicted
using a validated PBPK model which accounted for the
polymorphic expression of isoniazid metabolizing enzyme,
N-acetyltransferase 2 (fast and slow metabolizers). Drug
exposure was highest in slow metabolizing infants of slow
metabolizing mothers, but the observed levels were still less than
the infant exposure limit which is 10% of the maternal dose.
The model was developed using information from ICRP reports
which are generated based on data mainly from Caucasian
population and should be cautiously extrapolated to other
populations (82).

CONCLUSIONS

There has been tremendous progress over the past few years
in the use of PBPK modeling to predict maternal and fetal
exposure of drugs. By integrating physiological data, preclinical
data, and clinical data, PBPK can be used to predict maternal
and fetal exposure and guide optimization of maternal dosing
during pregnancy when pharmacokinetic studies cannot be
readily performed. Even though validation of these models
is challenging due to limited clinical data, in-vitro and ex-
vivo experimental data can be utilized to help predict fetal
exposure of drugs. PBPK modeling can also serve as a tool
to guide drug dosing during breastfeeding based on drug
transfer through human milk. In summary, PBPK modeling
offers promise as a potential tool to predict maternal and
fetal exposure of drugs and thereby guide therapy in this
special population.
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Physiologically Based
Pharmacokinetic Modeling in
Pregnant Women Suggests Minor
Decrease in Maternal Exposure to
Olanzapine
Liang Zheng1,2, Hongyi Yang2, André Dallmann3, Xuehua Jiang2, Ling Wang2* and Wei Hu1*

1Department of Clinical Pharmacology, The Second Hospital of Anhui Medical University, Hefei, China, 2Department of Clinical
Pharmacy and Pharmacy Administration, West China School of Pharmacy, Sichuan University, Chengdu, China,
3Pharmacometrics/Modeling and Simulation, Research and Development, Pharmaceuticals Bayer AG, Leverkusen, Germany

Pregnancy is accompanied by significant physiological changes that might affect the in vivo
drug disposition. Olanzapine is prescribed to pregnant womenwith schizophrenia, while its
pharmacokinetics during pregnancy remains unclear. This study aimed to develop a
physiologically based pharmacokinetic (PBPK) model of olanzapine in the pregnant
population. With the contributions of each clearance pathway determined beforehand,
a full PBPK model was developed and validated in the non-pregnant population. This
model was then extrapolated to predict steady-state pharmacokinetics in the three
trimesters of pregnancy by introducing gestation-related alterations. The model
adequately simulated the reported time-concentration curves. The geometric mean
fold error of Cmax and AUC was 1.14 and 1.09, respectively. The model predicted that
under 10mg daily dose, the systematic exposure of olanzapine had minor changes (less
than 28%) throughout pregnancy. We proposed that the reduction in cytochrome
P4501A2 activity is counteracted by the induction of other enzymes, especially
glucuronyltransferase1A4. In conclusion, the PBPK model simulations suggest that, at
least at the tested stages of pregnancy, dose adjustment of olanzapine can hardly be
recommended for pregnant women if effective treatment was achieved before the onset of
pregnancy and if fetal toxicity can be ruled out.

Keywords: olanzapine, PBPK, pregnancy, metabolic enzymes, pharmacokinetics

INTRODUCTION

The peak incidence of many psychiatric illnesses such as schizophrenia in women occurs during their
reproductive years (Kulkarni et al., 2015). The prescription of second-generation antipsychotics
(SGAs) to pregnant women has been steadily increasing in the last 20 years. The latest statistics from
ten countries show that up to 2% of pregnant women use SGAs (Reutfors et al., 2020). Though
concerns about the safety of antipsychotics during pregnancy persist, some large-scale clinical studies
in recent years suggested that exposure to SGAs does not confer an increased risk of congenital
malformations (Huybrechts et al., 2016; Damkier and Videbech, 2018). Given the severe
consequences without pharmacotherapy, off-label use of antipsychotics during pregnancy may
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be inevitable. Except for concerns about fetal safety, clinicians
often face another major challenge, i.e., optimizing dosage
regimens to obtain effective maternal treatment.

The potential benefits of therapeutic drug monitoring (TDM)
to optimize pharmacotherapy are particularly obvious in
psychiatry and neurology. The TDM task force of the German
Society of Neuropsychopharmacology and Pharmacopsychiatry
(Arbeitsgemeinschaft für Neuropsychopharmakologie und
Pharmakopsychiatrie [AGNP]) had given many antipsychotics
a high recommendation strength for conducting TDM (Hiemke
et al., 2018). For olanzapine, a reference concentration range of
20–80 ng/ml was recommended. On the other hand, pregnancy
introduces conspicuous changes in various anatomical,
physiological, and biological properties, for instance, organ
blood flow and hormone levels. Those alterations will
influence drug disposition and further their system exposure
(Kazma et al., 2020). According to a comprehensive review,
gestation-associated changes in pharmacokinetics widely exist
(Pariente et al., 2016). Blood concentrations of commonly
prescribed antipsychotics perphenazine, quetiapine, and
aripiprazole decrease sharply in late pregnancy, suggesting
effective treatment may not be achieved in this period with
the pregestational dosing regimen (Westin et al., 2018).
However, a paucity in complete pharmacokinetic reports
makes it challenging to implement dose adjustment for
pregnant women.

Physiologically based pharmacokinetic (PBPK) modeling
serves as a critical pharmacometrics tool to make reliable
pharmacokinetic predictions in special populations. The
number of new drug application submissions to the US Food
and Drug Administration (FDA) that included PBPK modeling
for pediatric drug development has continued to grow over the
past decade (Corriol-Rohou and Cheung, 2019) and the role of
PBPK modeling for pregnant women in a regulatory context has
been discussed recently (Coppola et al., 2021; Green et al., 2021).
Since PBPK is a mechanism-based modeling method, the
combined effects of multiple gestation-related physiological
changes on drug disposition can be incorporated. The
confidence in current pregnant modeling tools is restricted by
a lack of robust data around the understanding of some metabolic
enzymes and transporters and how gestation and genotypes affect
drug exposure jointly (Abduljalil and Badhan, 2020). Despite
these shortages, PBPK modeling seems promising to address an
imperative query: whether dose adjustment is required during
pregnancy. In a previous study, we proposed optimized dosage
regimens of quetiapine and aripiprazole for the pregnant
population using PBPK modeling and simulation (Zheng
et al., 2021).

Olanzapine undergoes extensive metabolism in the liver.
Several enzymes, namely cytochrome P450 (CYP) 1A2, 2C8,
3A4, flavin monooxygenase 3 (FMO3), and glucuronyl-
transferase (UGT) 1A4, are responsible for the metabolism.
Six metabolic pathways of olanzapine have been identified,
and some metabolic pathways such as N-demethylation are
mediated by different enzymes (Supplementary Figure S1)
(Kassahun et al., 1997; Korprasertthaworn et al., 2015).
UGT1A4 catalyzes 10-N-glucuronidation and 4′-N-

glucuronidation, whose metabolites account for 23% of an
administered oral dose in non-pregnant adults (Kassahun
et al., 1997). The precise proportions of other metabolites
generated by oxidases have not been determined. The in vivo
pharmacological effects are believed to be derived mainly from
the parent drug (Hiemke et al., 2018). Though the principal
metabolic enzyme CYP1A2 reveals a sharp reduction in its
metabolic ability during pregnancy, plasma concentrations of
olanzapine appear to be not markedly changed according to
therapeutic drug monitoring data reported from Norwegian
hospitals (Tracy et al., 2005; Westin et al., 2018). Thus, this
study aims to develop a whole-body PBPK model for olanzapine
to evaluate the change in systemic exposure of olanzapine
throughout pregnancy. The results of this study will be
beneficial for rational antipsychotic medication in this
vulnerable population.

MATERIALS AND METHODS

Software and General Workflow
We used Open Systems Pharmacology Suite incorporating PK-Sim®
and MoBi® (https://github.com/Open-Systems-Pharmacology) to
implement the modeling work. The software is freely distributed
under the GPLv2 license (Lippert et al., 2019). Parameter
identification and sensitivity analysis were conducted within PK-
Sim®. The reported plasma time-concentration data were digitized
using WebPlotDigitizer version 4.2 (Ankit Rohatgi, Austin,
United States). Plot creation and statistical analysis were conducted
with OriginPro® (OriginLab, Northampton, United States).

An overview of the 27-compartment pregnancy model
structure and general modeling workflow is depicted in
Figure 1. As the first step, we constructed the adult PBPK
model of olanzapine using the default 18-compartment model
structure designed for small molecules (Willmann et al., 2003).
The model was validated with pharmacokinetic data under
multiple scenarios, including studies in pediatrics and
smokers. The validated model was then scaled to the pregnant
population after modifying gestation-related anatomy/physiology
and changes in protein binding, metabolism, and renal excretion.

Clinical Data
We searched and extracted the published clinical pharmacokinetic
data of olanzapine and classified them into the test set and
validation set. To avert differences caused by pharmaceutical
preparations, we excluded studies not using the reference-listed
drug (Zyprexa®) or generic drugs proved to be bioequivalent. The
detailed subject demographics and dosing information are
provided in Supplementary Table S1. The test set used to assist
modeling is a clinical drug-drug interaction (DDI) study conducted
in adult males. This study reported single-dose (10 mg) oral
pharmacokinetic profiles with or without co-administration with
the strong CYP1A2 inhibitor fluvoxamine (Wang et al., 2004).

Model Development and Evaluation
The input compound-specific parameters for model development
are listed in Table 1. Lipophilicity (measured as logP value) and
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FIGURE 1 | The overall design of this modeling study (A) A 27-compartment physiological model of pregnant women inMobi
®
. The dotted portion is nine gestation-

specific compartments (B) The schematic diagram for PBPK modeling workflow. Phys-chem, physicochemical; ADME, absorption, distribution, metabolism, and
excretion.

TABLE 1 | Summary of input compound parameters of olanzapine PBPK model.

Parameters Values/Methods Source

LogP 2.85 modified from reported values (2.77, 2.89) Ela et al. (2004), Urmila Sri Syamala (2013)
fu (non-pregnant adults) 0.07 drug labelb

MW (g/mol) 312.4 —

dissociation type Monoprotic base —

PKa 7.24 Callaghan et al. (1999)
solubility (μg/ml) 145.4 Urmila Sri Syamala (2013)
dissolution time (50% dissolved, min) 10 Ding (2012)
transcellular permeability (cm/min) 3.85E-6 parameter identification
partition coefficients Schmitt Schmitt (2008)
cellular permeabilities Charge dependent Schmitt Schmitt (2008)
CLint,CYP1A2 (L/h) 26.67 fitted to fm,CYP1A2

CLint,CYP3A4 (L/h) 0.82 fitted to fm,CYP3A4

CLint,CYP2C8 (L/h) 2.14 fitted to fm,CYP2C8

CLint,FMO3 (L/h) 4.05 fitted to fm,FMO3

CLint,UGT1A4 (L/h) 20.06 fitted to fm,UGT1A4

fm,CYP1A2
a 0.50 calculated

fm,UGT1A4
a 0.23 Kassahun et al. (1997)

fm,CYP3A4/fm,CYP2C8/fm,FMO3
a 0.067 assumed

GFR fraction 1.0 assumed
CLTSspec (L/min) 0.31 fitted to fR
fR 0.07 Kassahun et al. (1997)

logP, lipophilicity; MW, molecular weight; pKa, acid dissociation constant; CLint, intrinsic clearance; fm, fraction metabolized by a specific enzyme; fu, fraction unbound; GFR, glomerular
filtration fraction; CLTSspec, specific clearance by tubular secretion; fR, fraction excreted via kidney.
aplease note that these parameters are not model input parameters, but model output values calculated from the simulated pharmacokinetics and that they differ in pregnant women.
bofficial drug label of Zyprexa

®
(https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/022173lbl.pdf).
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intestinal transcellular permeability were optimized using the
Monte-Carlo algorithm. Tissue-to-plasma partition coefficients
and cellular permeabilities were calculated by the Schmitt and
Charge-dependent Schmitt method, respectively. For in vivo
clearance, we first determined the contributions of each
pathway to the total clearance. Olanzapine was eliminated
primarily by hepatic metabolism, while direct renal excretion
(fR), composed of glomerular filtration and tubular secretion,
accounted for only 7% of an administered oral dose (Kassahun
et al., 1997). The dose fraction metabolized by UGT1A4 was set to
0.23, corresponding to the proportion of recovery as glucuronide
conjugates from urine and feces (Kassahun et al., 1997). The
contribution of CYP1A2 was reckoned to be 0.50 based on data
from the abovementioned DDI study according to the Rowland-
Matin equation (Eq. 1) (Elsby et al., 2012). A validated PBPK
model of fluvoxamine developed by Britz et al. was used for model
development (Britz et al., 2019).

AUCi

AUC
� Fg , i

Fg
× 1
∑fm×fm, CYP1A2

1+ Iu
Ki

+ (1 − ∑fm × fm, CYP1A2)
(1)

Further details of using Eq. 1 to calculate the dose fraction
metabolized by CYP1A2, including a description of the variables
in this equation, is provided in the supplementary material.
Contributions of secondary enzymes involved in olanzapine
metabolism including CYP2C8, CYP3A4, and FMO3 were
roughly estimated to be equal. Olanzapine exhibited dose-
dependent pharmacokinetics, and metabolic saturation was not
observed; therefore, we used first-order processes to define
metabolism according to .

v � CLint,E × S (2)

CLint,E is the normalized intrinsic clearance (L/min) obtained
by fitting to the test set data and to the fraction metabolized
through each enzyme (fm) determined before. S is substrate
amount (µmol) and v the reaction rate (µM/min).

Sensitivity of the finalmodel to single parameters (local sensitivity
analysis) was measured as relative change of area under the
concentration-time curve (AUC, ng·h/mL) after a single oral dose
or AUC from time of the last dose administration to infinity after
multiple administrations. Parameters were included in the analysis if
they were optimized or associated with optimized parameters or if
they might have a substantial impact due to calculation methods.
Sensitivity to a parameter was calculated according to .

Sensitivity � ΔAUC
AUC

× p
Δp

(3)

where ΔAUC � change of the simulated AUC, AUC � simulated
AUC with the original parameter value, Δp � change of the
examined model parameter value, and p � original model
parameter value. A sensitivity value of +1.0 denotes that a
10% increase of the examined parameter causes a 10%
increase of the simulated AUC (Hanke et al., 2018).

For model evaluation, population simulations to the validation
set were performed. The simulated time-concentration curves
were compared with the observed ones. The geometric mean fold

error (GMFE) for observed Cmax (ng/ml), tmax (h), and AUC as an
index of quantitative assessment was calculated according to .

GMFE � 10
(∑∣∣∣∣lg(predicted PK parameter

observed PK parameter)
∣∣∣∣)/n

(4)

where n is the number of simulated studies. The predicted and
observed PK parameters used geometric or arithmetic means
depending on reports of clinical studies. If not available, the
parameters were calculated by non-compartment analysis using
the concentration data. A GMFE value less than two suggests
satisfactory predictive performance (Britz et al., 2019). A more
detailed description of model development and evaluation is
provided in the Supplemental Material.

Extrapolation to the Pregnant Population
The pregnancy model with anatomic physiological alterations
was developed by Dallmann et al. and described in detail in
several publications (Dallmann et al., 2017a; Dallmann et al.,
2017b). The model was built in MoBi® and exported to PK-Sim®
for population simulation. The following compound-related
parameters were considered for adjustments in the pregnancy
model. The unbound fraction in plasma during pregnancy was
deduced from the base value measured in non-pregnant adults
according to Eqs 5, 6 (Dallmann et al., 2017b).

f u �
1

1 + KA × P/MWalbumin
(5)

P(g
L
) � 14.7 exp(−0.0454FW) + 31.7 (6)

where fu is the plasma unbound fraction of olanzapine, KA is the
equilibrium association constant (µmol−1), P represents the
albumin concentration in plasma in a specific fertilization week
of pregnancy (µmol/L), MWalbumin is the molecular weight of
albumin (g/mol), and FW denotes fertilization weeks, which is
calculated by subtracting 2 weeks from the gestational week. To
calculate the fraction unbound in pregnancy, KA was first
calculated for non-pregnant adults by re-arranging Eq. 1
using a value of 0.07 for the fraction unbound in non-
pregnant adults (see Table 1) and 31.7 g/L for the albumin
concentration (Dallmann et al., 2017a). Thereafter, the fraction
unbound in pregnancy was calculated from Eqs 5, 6 using the
same KA value for pregnant women as for non-pregnant adults.

Renal clearances (glomerular filtration, tubular secretion, and
renal plasma clearance) are technically interpreted as passive
transport processes in the model. Their values as listed in Table 1
are normalized to the volume of kidney and can be left unchanged
in pregnancy (Dallmann et al., 2017b). Drug metabolism was
modified by activity change of metabolic enzymes taking
fertilization week as the independent variable.

CYP1A2
CYP1A2 activity changes during pregnancy can be reflected by
changes in the apparent clearance of caffeine which is described
by Eq. 7 (Dallmann et al., 2018a).

CYP1A2 activity change (%) � 0.0291FW2 − 2.77FW (7)
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UGT1A4
The antiepileptic drug lamotrigine was mainly eliminated
through N-glucuronidation which is predominantly catalyzed
by UGT1A4 in vivo (Wang et al., 2015). Previous studies
reported the apparent clearances of lamotrigine in 7, 11, and
53 cases of women before and during pregnancy (Tran et al.,
2002; Petrenaite et al., 2005; Pennell et al., 2008). By taking
fertilization week as the independent variable and the sample size
as weight, a cubic function describing the relative change of
lamotrigine apparent clearance was fitted to these data by non-
linear regression (Figure 2 and Eq. 8).

UGT1A4 activity change(%) � 8.669FW − 0.339FW2

+0.00462FW3 (8)

CYP3A4
Eq. 9 describing CYP3A4 induction during pregnancy was
derived based on the PBPK modeling of CYP3A4 probe
substrate midazolam in pregnant women (Ke and Milad, 2019).

CYP3A4 activity (%) � 1.00736 + 0.00564FW + 0.00172FW2

−0.00003FW3 (9)

CYP2C8
Quantitative information on CYP2C8 activity during pregnancy
was not reported; therefore, CYP2C8-mediated clearance was
assumed to remain unchanged in the pregnancy model.

FMO3
The N′-oxidation of nicotine is catalyzed solely by FMO3.
Hukkanen et al. proposed that the ratio of urinary excretion
of nicotine N′-oxide to the plasma area under the curve of
nicotine could be an active indicator of FMO3 (excluding the
effect of slightly higher urine pH during pregnancy on urinary

excretion of nicotine) (Hukkanen et al., 2005). According to this
study, FMO3 activity is increased by 58% in late pregnancy.

The setting of compound-related parameters in the pregnancy
model is listed in Table 2.

Pregnant Simulation
We created three virtual pregnant groups based on fertilization week
ranges, including first trimester (1–11 weeks), second trimester
(12–26 weeks), and third trimester (27–38 weeks), with a non-
pregnant population (20–40 years old) as the reference population.
Each virtual population contained 1,000 individuals. The model was
applied to predict the steady-state pharmacokinetics of olanzapine in
non-pregnant and pregnant women under 10mg daily dose, which is
a recommended starting and commonly used dose.

RESULTS

Olanzapine PBPK Model Development
As shown in Figure 3 and Table 3, the olanzapine model
adequately simulates mean pharmacokinetic profiles of a

FIGURE 2 | Activity change of UGT1A4 during pregnancy taking lamotrigine apparent clearance as an indicator. The circle area reflects the sample size of clinical
studies, and the curve represents the fitted regression equation.

TABLE 2 | The setting of compound-related parameters in the pregnancy model.
Parameters were adjusted based on their baseline values presuming 6-, 20-,
and 34-weeks fertilization as representative of first, second, and third trimesters,
respectively.

Parameters 1st trimester 2nd trimester 3rd trimester

fu 0.075 0.085 0.091
CLint,CYP1A2 (L/h) 22.40 14.13 9.87
CLint,CYP3A4 (L/h) 0.89 1.28 1.64
CLint,CYP2C8 (L/h) 2.14 2.14 2.14
CLint,FMO3 (L/h) 4.05 4.05 7.11
CLint,UGT1A4 (L/h) 28.24 35.04 36.91
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10 mg single oral dose with and without co-administration with
fluvoxamine. The prediction errors for Cmax and AUC are less
than 4.5%. When co-administered with fluvoxamine, the
predicted Cmax ratio (CmaxR) and AUC ratio (AUCR) are 1.13
and 1.88, respectively, compared to the reported values of 1.34

and 1.76. The contributions of each clearance pathway have been
consistent with reported values. Sensitivity analysis (Figure 4)
indicates that the fraction unbound is the most sensitive
parameter (−1.24) for systemic exposure to olanzapine after a
single oral dose, followed by pKa (−1.02), specific clearances of

FIGURE 3 | The model-simulated concentration-time curve of olanzapine after a single oral dose of 10 mg in healthy volunteers in the absence (A) or presence (B)
of co-administered CYP1A2 inhibitor fluvoxamine. Curves are from the model prediction and observed mean plasma concentrations with standard deviations are shown
as circles with error bars. The top right corners show the log scale figures. Figure B calculated the actual sampling time starting from day 4 that was different from the
original literature.

TABLE 3 | Simulated and observed pharmacokinetic parameters of olanzapine from model development.

— Single dose Co-administered with
fluvoxamine

Cmax (ng/ml) AUC0-∞ (ng*h/mL) CL/F (L/h) CmaxR AUCR

Simulated 19.4 701.0 14.3 1.13 1.88
Reported 18.6 728.5 14.6 1.34 1.76

Cmax, peak concentration; AUC0-∞, area under the concentration-time curve from time zero to infinity; CL/F, apparent clearance; CmaxR, cmax ratio; AUCR, AUC, ratio.

FIGURE 4 | Sensitivity analysis of the olanzapine model. Sensitivity of the final model to single parameters was measured as relative change of AUC0̃∞ after a single
oral dose (A) or AUC from time of the last dose to infinity after multiple administrations (B). A sensitivity value of +1.0 denotes that a 10% increase of the examined
parameter causes a 10% increase of the simulated AUC.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7933466

Zheng et al. Pregnant PBPK Modeling of Olanzapine

120

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 5 | Population PBPK simulations for olanzapine in the non-pregnant population (A–J) Predicted median plasma concentrations are shown as dark
lines, and shaded areas indicate 5th to 95th prediction range. Black dots are observed mean plasma concentrations extracted from clinical studies (K)
Goodness of fit plot for model prediction of olanzapine plasma concentrations. Different colors represent observed-to-predicted concentration data from
different simulations in figure A–J. The observed data are from published studies with references provided in the Supplementary Material.
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CYP1A2 (−0.51) and UGT1A4 (−0.23), and lipophilicity (−0.19)
among all includedmodel parameters. As tomultiple dosing, logP
is the most sensitive parameter (3.17), followed by fraction
unbound, CYP1A2 specific clearance, and pKa.

Olanzapine Model Verification
Ten population PBPK simulations for the validation data set
were conducted and are shown in Figure 5. More than 95% of
the predicted drug concentrations are within a twofold
error range of the measured values, and about 62% are
within 1.25-fold error range according to the goodness-of-
fit plot (Figure 5K). The mean absolute prediction errors of
the plasma concentrations for all simulated studies are less
than 42% (Supplementary Table S2). The fold errors for
predicted/observed Cmax and AUC are within the range of
0.75–1.30, and GMFE of Cmax and AUC is 1.14 and 1.09,
respectively (Table 4). In a pediatric simulation (Dale 2000),
the model predicts a slightly lower plasma exposure in children
aged 10–18.

Pharmacokinetic Prediction in the Pregnant
Population
Simulations of steady-state pharmacokinetics were performed
during the first (6 weeks), second (20 weeks), and third
(34 weeks) trimesters of pregnancy, in comparison with that of
baseline. Fraction unbound shows a moderate increase across the
first (7.1%), second (21.4%), and third (30.0%) trimester.
CYP1A2 activity decreases, while UGT1A4, CYP3A4, and
FMO3 are upregulated; as a result, the intrinsic clearance
alters less than 20% throughout pregnancy. Overall, PBPK
modeling predicts a limited impact of gestation on plasma
concentrations of olanzapine (Figure 6). The fluctuation of
mean plasma concentration under 10 mg daily dose is
basically stable but an effective treatment concentration
(20 ng/ml) cannot be guaranteed to achieve at any time in a
dosing interval of late pregnancy. The steady-state Cmax, AUCτ-ss,
and half-life of olanzapine show slight changes (not more than
28%) throughout pregnancy (Table 5). The apparent total
clearance (CL/F) are increased by up to 37.1% until the late

TABLE 4 | Predicted and observed pharmacokinetic parameters of olanzapine and geometric mean fold errors from model validation.

Study Methods Cmax/Cmax-ss (ng/ml) AUC/AUCτ-ss (ng·h/mL) tmax (h)

Du et al. (2020) Predicted 8.1 298.3 4.4
Observed 7.8 341.4 5.0

FE 1.04 0.87 0.88

Gossen (2002) Predicted 7.2 264.1 4.9
Observed 7.6 272.0 3.0

FE 0.95 0.97 1.63

Callaghan 1999 Predicted 7.0 217.8 4.0
Observed 5.4 236.7 7.0

FE 1.30 0.92 0.57

Jacobs (2014) Predicted 13.4 426.2 4.3
Observed 13.2 436.9 6.0

FE 1.02 0.98 0.72

Sun (2019a) Predicted 17.2 710.3 3.9
Observed 17.5 711.5 7.0

FE 0.98 1.00 0.56

Sun (2019b) Predicted 14.5 651.7 4.2
Observed 16.7 629.2 5.0

FE 0.87 1.04 0.84

Callaghan 1999 Predicted 14.0 436.5 4.0
Observed 11.2 460.3 4.8

FE 1.25 0.95 0.83

Callaghan 1999 Predicted 21.0 653.1 4.0
Observed 19.0 755.1 6.2

FE 1.10 0.86 0.65

Callaghan 1999 Predicted 24.8 423.1 3.7
Observed 19.7 388.6 6.2

FE 1.26 1.09 0.60

Dale 2000 Predicted 92.2 1731 3.0
Observed 115.6 2,220 4.0

FE 0.80 0.78 0.75
GMFE 1.14 1.09 1.44

FE, fold error; GMFE, geometric mean fold error; Cmax-ss, steady-state peak concentration; AUCτ-ss, steady-state AUC, of a dosing interval; tmax time to reach peak concentration.
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pregnancy. Based on the model prediction, the average steady-
state trough concentrations of olanzapine in the first, second, and
third trimester of pregnancy are decreased by 12.4, 22.6, and
28.3%, respectively. The magnitude of predicted decrease is
slightly higher than the observed one calculated from TDM
data. (Table 6).

DISCUSSION

This study developed a PBPK model of olanzapine using a
‘middle-out’ strategy and gave pharmacokinetic predictions for
the pregnant population. To our knowledge, this is the first
pregnant PBPK modeling study for olanzapine.

FIGURE 6 | Simulated pharmacokinetic profiles of olanzapine in non-pregnant women and women in the three stages of pregnancy receiving 10 mg daily dose.
Median plasma concentrations are shown as dark lines, and shaded areas indicate 5th to 95th prediction range. Circles are individual olanzapine concentration data in
pregnant women with schizophrenia collected from therapeutic drug monitoring (TDM) (Westin et al., 2018). It was recommended that TDM samples are collected as
trough levels at steady state.

TABLE 5 | Model-predicted steady state pharmacokinetic parameters of olanzapine during pregnancy under 10 mg daily dose. Data shown as geometric means.

— Cmax-ss (ng/ml) AUCτ-ss (ng·h/mL) t1/2 (h) CLss/F

Postpartum 35.1 653.5 32.7 15.3
1st trimester 30.5 (−13.1%) 562.9 (−11.5%) 32.5 (+0.31%) 17.8 (+16.1%)
2nd trimester 27.5 (−21.6%) 511.2 (−21.8%) 33.1 (+1.22%) 19.6 (+27.8%)
3rd trimester 25.8 (−26.5%) 476.5 (−27.1%) 33.6 (+2.75%) 21.0 (+37.1%)

Cmax-ss, steady-state peak concentration; AUCτ-ss, steady-state AUC of a dosing interval; t1/2, half life; CLss/F, steady-state apparent clearance.Within brackets are relative changes during
pregnancy compared to the baseline.
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Previous olanzapine PBPKmodeling studies for non-pregnant
adults described olanzapine clearance based on in vitro data
(Polasek et al., 2018; Sun et al., 2020), while this study applied
a different strategy. Because direct in vitro to in vivo extrapolation
of the contribution of an enzyme to the total drug metabolism is
often associated with great uncertainty (Zhang et al., 2020), we
calculated this important parameter for major enzymes using in
vivo data (mass balance and clinical DDI study). CYP1A2 has
long been regarded as the primary enzyme for olanzapine
metabolism, and its contribution was first determined to be
50%. Unlike typical highly polymorphic enzymes such as
CYP2C9 and CYP2D6, genetic polymorphisms of CYP1A2
contribute little to the interindividual pharmacokinetic
variability of olanzapine (Na Takuathung et al., 2019).
Therefore, CYP1A2 polymorphisms were not considered in
this study. The major circulating metabolite of olanzapine is
the 10-N-glucuronide, whose formation can be attributed to
UGT1A4 and UGT2B10 with the former having a much
higher catalytic activity than UGT2B10 (Soderberg and Dahl,
2013). Besides, sensitivity analysis shows that fraction unbound,
pKa, logP, and CYP1A2 and UGT1A4-mediated clearance are the
most sensitive parameters, while logP is much more sensitive
following multiple administrations. This impact leads to a visibly
different time to reach the plateau under multiple doses, probably
because of late back-distribution from compartments where
olanzapine accumulates, that significantly affect AUC of the
last dose (data not shown). As a result, a higher sensitivity to
logP was observed after multiple administrations. Because the
Charge-dependent Schmitt method for calculating cellular
permeabilities considers the effect of electric charge, pKa
becomes a relatively important parameter.

We speculated that the reduction in CYP1A2 activity during
pregnancy is counteracted by the induction of other enzymes,
especially UGT1A4. To this date, different studies have reported
controversial results on hepatic blood flow during pregnancy.
Therefore, the gestation-related physiology engine for creating
virtual pregnant populations assumed unchanged absolute liver
blood flow (Dallmann et al., 2017a). Alterations in CL/F should
be mainly attributed to changes in (unbound fraction) x (intrinsic
clearance) especially when olanzapine has a relatively low
extraction ratio (<0.3). Fraction unbound, CYP1A2 and
UGT1A4-mediated clearances are the most significant ones
among all tested parameters modified during pregnancy
(Figure 4). CYP1A2 activity decreases by up to 60% to late
pregnancy. Meanwhile, UGT1A4 activity increases by 85% on
average, whereas there is a slight alteration in fraction unbound,
as calculated according to Eq. 5. As a result, the mean plasma
concentrations of olanzapine are generally stable. On the other
hand, the reliability of model predictions is potentially affected by

several factors that cannot be accurately clarified at the current
stage. First, the sensitivity analysis indicated that attention should
be paid to the calculated fraction unbound. Although the
calculation method (Eq. 5) has been evaluated for other drugs,
the results stress the importance of a correct value for fraction
unbound during pregnancy. For an extensively metabolized drug
like olanzapine, increase in fraction unbound contributes to a
higher hepatic clearance with a great possibility. Therefore, it
should be beneficial to measure a precise fraction unbound of
olanzapine in future clinical studies to confirm or refine the value
used in the PBPK model. Second, it is currently undetermined
whether gestation changes drug absorption from the
gastrointestinal tract. In this model, settings for drug
absorption were not specifically modified compared to non-
pregnant women. Drug absorption is indeed a challenge
requiring further investigation. There might be several
gestation-related factors affecting drug absorption, for
instance, prolongation in gastrointestinal transit time, and
enlargement in intestinal villi surface area (Dallmann et al.,
2018b; Koren and Pariente, 2018). However, we haven’t
developed mathematical explanations for these factors due to
inadequate quantitative human data. Since clinical data for Cmax/
tmax are lacking, the simulated absorption cannot be evaluated.
This stresses again the need for further clinical data during
pregnancy, ideally full pharmacokinetic profiles instead of
trough concentrations. Third, uncertainty in clearance
contribution of some minor enzymes during model
development, though we estimated it had a minimal impact.
Besides, there are conflicting reports on the exact magnitude of
CYP3A4 induction in pregnant women. Some studies suggest
that a 2-fold induction in the third trimester is plausible, whereas
others suggest a lower activity increase (such as 27%) (Nylen et al.,
2011). A previous modeling study used a weighted mean of 60%
induction (Dallmann et al., 2018a). Assuming a 60% activity
increase in the third trimester, the model predicts a Cmax of
26.3 ng/ml and AUCτ-ss of 488.1 ngh/mL, which show negligible
differences from the current data. Therefore, among all relevant
enzymes, CYP1A2 and UGT1A4 activity during pregnancy are
critical determinants of olanzapine clearance. More quantitative
data reflecting activity changes of metabolic enzymes are needed
to enhance the predictive performance of pregnant PBPK
modeling.

According to the TDM data and PBPK predictions, dose
adjustments appear to be not urgently needed for pregnant
women. Neither has a report that pregnant women show a
higher treatment failure rate under the same doses. But we
should notice that TDM data have indicated a considerable
interindividual variability in trough concentrations (Westin
et al., 2018). Therefore, TDM has its unique strength in the

TABLE 6 | The mean steady state trough concentrations of olanzapine predicted by the PBPK model and reported TDM data-based regression curve (Westin et al., 2018).

Method BaselineConc 6 weeks gestation 20 weeks gestation 34 weeks gestation

Conc Change Conc Change Conc Change

PBPK model 22.6 19.8 −12.4% 17.5 −22.6% 16.2 −28.3%
Regression curve 21.3 20.9 −1.9% 20.1 −5.6% 19.3 −9.4%
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individualized dosing that could not be replaced. Effective
treatment before gestation is essential to olanzapine usage
during pregnancy with an unchanged dosage regimen.

A limitation of this study is that fetal exposure to olanzapine
has not been addressed. In order to estimate the placental transfer
of drugs, data from in vitro cell models and ex vivo placental
perfusion are preferred. Additionally, umbilical cord blood
concentration data during delivery would be needed to
validate the model predictions (Dallmann et al., 2019).
Unfortunately, these pieces of information on olanzapine are
lacking. Recent studies have made beneficial attempts to explore
the maternal-fetal drug transfer and exposure ratio with the
abovementioned approaches using acetaminophen as a model
drug (Mian et al., 2020; Mian et al., 2021). These studies provide
helpful references in the analysis of fetal pharmacokinetics of
olanzapine in the future. We urgently need more long-term
studies with large samples to clarify the efficacy and adverse
impacts on fetuses and determine management strategies for
antipsychotics.

CONCLUSION

In summary, this study developed a PBPKmodel of olanzapine to
evaluate the maternal exposure of this commonly prescribed
antipsychotic in the pregnant population. The predictive
performance was validated with various clinical
pharmacokinetic studies. According to the presented PBPK
simulations, the steady-state pharmacokinetics of olanzapine is
slightly, and probably not clinically significantly altered during
pregnancy. Combined with the TDM data, the model suggests
that dose adjustment cannot be formulated for pregnant women,

at least at the tested stages of pregnancy, if effective treatment was
achieved before the onset of pregnancy, while fetal safety certainly
needs continuous surveillance.
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