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Abstract
Concerns over gestational effects on the disposition of drugs has highlighted the need for a better understanding of drug

distribution and elimination during pregnancy. This study aimed at predicting maternal drug kinetics using a physiolog-

ically based pharmacokinetic (PBPK) modelling approach focusing on the observed gestational changes in three important

Cytochrome P450 metabolizing enzymes, namely, CYP1A2, CYP2D6 and CYP3A4 at different gestational weeks (GWs).

The Pregnancy PBPK model within the Simcyp Simulator V19 was used to predict the pharmacokinetics of sensitive

probes to these enzymes; namely caffeine, theophylline, metoprolol, propranolol, paroxetine, midazolam, nifedipine and

rilpivirine. PBPK model predictions were compared against clinical data collated from multiple studies for each compound

to cover a wide spectrum of gestational ages. Pregnancy PBPK model predictions were within 2-fold error and indicated

that CYP1A2 activity is approximately 0.70, 0.44 and 0.30 fold of the non-pregnant level at the end of the first, second and

third trimesters, respectively. On the other hand, CYP2D6 activity increases by 1.36, 2.16 and 3.10 fold of the non-

pregnant level at the end of the first, second and third trimesters, respectively. Likewise, CYP3A4 activity increases by

1.25, 1.75 and 2.32 fold of the non-pregnant level at the end of the first, second and third trimesters, respectively. The

enzymes activity have been qualified throughout pregnancy. Quantified changes in drug dosing are most relevant during the

third trimester, especially for drugs that are mainly eliminated by CYP1A2, CYP2D6 and CYP3A4 enzymes. The provided

functions describing the continuous changes to the activity of these enzymes during pregnancy are important when

modelling long term pharmacokinetic studies where longitudinal modelling or time-varying covariates are used.
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Abbreviations
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Introduction

Pharmacokinetics during pregnancy has gained consider-

able interest over the last few years. Multifactorial changes

develop ‘‘physiologically’’ with pregnancy progression [1]

and can alter drugs kinetics [2]. Drug-metabolizing enzyme

activity is one of many factors affecting patient exposure

and hence response to medications. Among these enzymes,

the cytochrome P450 (CYP) enzymes are involved in the

metabolism of more than 70% of drugs [3], with CYP3A4

being the most involved enzyme. Other significant

enzymes of the CYPs family include CYP2D6, CYP2C9,

CYP2C19, CYP1A2, CYP2B6 and CYP2E1 [4]. Genetic

variability (polymorphism) in these enzymes are linked to

inter-individual differences in drug exposure and response

[5]. The CYP2D6 enzyme is highly polymorphic and is
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involved in the metabolism of a wide range of commonly

prescribed drug classes, including antihypertensive agents

and antidepressants. Gender-related differences in PK can

lead to a different pattern of treatment response in women

compared to the typical man due to differences in the

activity of major metabolic enzymes, e.g. CYP3A4 and

CYP1A2 [6–8]. Among these enzymes, the changes to the

activity of CYP1A2, CYP2D6 and CYP3A4 during preg-

nancy have been evaluated in many clinical studies at

different gestational weeks (GWs). For example, caffeine

clearance in 25 pregnant women was compared with caf-

feine clearance in the same subjects at 6 to 8 weeks after

the delivery, the CYP1A2 activity during pregnancy was

reduced from the postpartum level by 33 ± 23%,

48 ± 27%, and 65 ± 15% at 14 to18 GWs, 24 to 28 GWs,

and 36 to 40 GWs, respectively [9]. These data are in

agreement with another study (n = 12 women) which

reported around 35%, 50%, and 52% reduction in CYP1A2

activity at 8–16 GWs, 20–28 GWs and 32–39 GWs,

respectively [10].

The activity of CYP2D6 during pregnancy has been

reported using either the urinary dextromethorphan/dex-

trorphan (DEX/DOR) metabolic ratio [9] or measuring the

clearance of metoprolol, a drug that is sensitive to CYP2D6

activity [11]. Results from the urinary DEX/DOR meta-

bolic ratio showed that the activity of CYP2D6 increased

significantly throughout the pregnancy (26 ± 58% at

14–18 GWs, 35 ± 41% at 24–28 GWs, and 48 ± 25% at

36–40 GWs) as compared with the activity in the same

subjects at 6 to 8 weeks postpartum (n = 25) [9]. It is well-

known that the urinary DEX/DOR ratio is not a pure

marker of CYP2D6 activity as it is affected by the renal

function and plasma protein binding [12, 13], which are

affected by the gestational age [1]. In another study, using

metoprolol as a probe substrate, the clearance in women

who were extensive metabolizers to CYP2D6 (EM)

increased from 209 ± 92 L/h in non-pregnant women to

432 ± 181 L/h at 22–26 GWs reaching 629 ± 228 L/h at

34–38 GWs [11] suggesting a 2- and 3-fold increase in the

activity of CYP2D6 during the second and third trimesters.

Longitudinal changes in CYP3A4 activity during preg-

nancy have also been reported using the urinary dex-

tromethorphan/3-hydroxymorphinan (DEX/3HM)

metabolic ratio [9] from 25 women, measured at 24–28

GWs, and at 36–40 GWs and at 6 to 8 weeks after the

delivery. The results showed that CYP3A4 activity was

around 35%-38% on both occasions during pregnancy [9].

Midazolam is a sensitive probe of CYP3A4 and its clear-

ance changes during pregnancy have been reported at

28–32 GWs and also at term [14, 15] suggesting an

approximately 2-fold higher activity compared to the non-

pregnant level, which is higher than those reported using

the DEX/3HM metabolic ratio.

The aim of this study was to assess the PBPK prediction

at different time points during gestation focusing on the

activity changes of CYP1A2, CYP2D6 and CYP3A4 using

drugs that are sensitive to these enzymes, namely, caffeine,

theophylline, metoprolol, propranolol, paroxetine, mida-

zolam, nifedipine and rilpivirine. These enzymes and

compounds were chosen due to data availability. The

stochastic PBPK modelling approach that includes gesta-

tional-dependent physiology was used to account for inter-

individual variability.

Methods

General settings

The pregnancy model within the Simcyp Simulator V19

was used for all predictions in the current study. The

model accounts for the known physiological changes that

occur during pregnancy, using the Caucasian population

data, and allows for the generation of virtual pregnant

populations between 0 and 40 GWs. It also accounts for

inter-individual variability in the physiological parame-

ters at a specific gestational week [1]. Growth or decline

of the physiological parameters during pregnancy are

incorporated in the model as continuous functions [16].

The model takes into account the continuous change of

all physiological and biological parameters simultane-

ously over time and within each subject to account for

any time-varying covariates. This feature is essential for

long term simulations. Previously, a similar approach

was introduced and applied in neonate PBPK models

[17, 18].

Gestational changes in metabolizing enzymes

CYP1A2 activity

The default equation that describes the activity of CYP1A2

during pregnancy within the Simcyp Simulator was used in

this analysis. It describes the continuous fold reduction in

the enzyme activity, versus the non-pregnant base line

during the whole gestational period (Eq. 1).

CYP1A2Pregnancyðfold changeÞ
¼ 1� 0:02552 GW þ 0:0002 GW 2 ð1Þ

where GW is the gestational week. This relationship is

developed based on the unbound caffeine clearance using

the observed reduction in the total caffeine clearance dur-

ing pregnancy [9] and correcting the caffeine clearance for

the changes in plasma protein binding during pregnancy.

Caffeine plasma free fraction (fu) in non-pregnant subjects
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is around 0.68 and it increases slightly during pregnancy to

0.74 at term due to the fact that the concentration of plasma

protein binding is reduced during pregnancy [1]. Equa-

tion 1 indicates that the activity of CYP1A2 is about 0.70,

0.44 and 0.30 fold of the non-pregnant level at the end of

the first, second and third trimesters, respectively.

CYP2D6 activity

The default equation within the Simcyp Simulator V19 that

describes the longitudinal changes in CYP2D6 activity

during pregnancy (Eq. 2) was used in this analysis.

CYP2D6Pregnancy fold changeð Þ
¼ 1� 0:0163 GW þ 0:0009 GW 2 ð2Þ

The equation is based on the observed changes in the

metoprolol clearance in EMs pregnant women [11] and

taking into account the change in the binding protein (al-

bumin) during pregnancy. Metoprolol is not highly bound

to plasma albumin with an average fu of 0.89 in non-

pregnant women increasing slightly during pregnancy to

0.91 towards term [19]. Equation 2 indicates that the

activity of CYP2D6 is approximately 1.36, 2.16 and 3.10

fold of the non-pregnant level at the end of the first, second,

and third trimesters, respectively.

CYP3A4 activity

The default equation within the Simcyp Simulator V19 that

describes the longitudinal changes in CYP3A4 activity

during pregnancy (Eq. 3) was used in this analysis as

follows:

CYP3A4Pregnancy fold changeð Þ
¼ 1þ 0:0129 GW þ 0:0005 GW 2 ð3Þ

This equation is based on both the DEX/3HM metabolic

ratio [9] and midazolam clearance [14, 15] after correcting

observed data for the binding protein. These two metric

systems can be integrated due to the fact that midazolam is

mainly eliminated via metabolism with almost no renal

clearance. In normal healthy subjects the average fu is

about 0.035 [20] and increases during pregnancy, due to

the reduction in the plasma albumin level [1], reaching to

about 0.044 at term. Equation 3 indicates that the CYP3A4

activity is approximately 1.25, 1.75 and 2.32 fold of the

non-pregnant level, at the end of the first, second, and third

trimesters, respectively.

Model building

For all evaluated compounds, the distribution was defined

using a full PBPK distribution model that accounts for

different tissue volumes and flow rates. Drugs tissues to

plasma partition ratios (Kps) were predicted within the

Simulator (see below for more detail). The enzyme kinetics

option was used for all drugs in these analyses to describe

drug elimination from the body and to allow the scaling of

enzyme kinetics of the evolved enzymes from non-preg-

nant to pregnant women. Where no information was pro-

vided on the subject’s phenotypes or genotypes in the

original study, the default phenotypes within the Simulator

for the general Caucasian population were used.

All compound files were first built and verified for their

performances in non-pregnant women, and updated if

required using non-pregnant data, before they were used to

predict the drug kinetics in pregnant women according to

the workflow given in Fig. 1. Once the PBPK model pre-

dicted the kinetics in non-pregnant women, these settings

were retained to predict the drug kinetics in pregnant

women at different gestational weeks.

Predictions in non-pregnant and pregnant women were

performed via matched clinical settings/designs to the

original studies. In all simulations, the number of subjects

in the corresponding clinical study were used within each

trial. For a better description of the variability, twenty trials

were used to simulate virtual subjects. Predicted PK pro-

files and PK parameters were compared with different sets

of clinical observations available in the literature.

Caffeine

Model building

The caffeine compound model within the Simcyp Simu-

lator was used. The default caffeine elimination kinetics,

mainly via hepatic CYP1A2, were kept. Caffeine is

absorbed quickly and completely from the gut without any

gut metabolism. This process was described using the first

order absorption model option and was updated to describe

plasma concentration in 12 non-pregnant women after

administration of 100 mg caffeine three times daily [21].

Caffeine Kps were predicted within the Simulator accord-

ing to the Rodgers and Rowland method [22] without any

modifications.

Caffeine PK during pregnancy

Caffeine pharmacokinetics were studied during the first,

second and third trimesters, and concentration profiles

being reported in 8 pregnant women at 30–40 GWs and in
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4 women on the 4th day after delivery. This study showed

an approximate 3-fold increase in the half-life and a 3-fold

decrease in the total clearance of caffeine in pregnant

women compared with the postpartum results [23]. Other

studies also showed an increasing half-life of caffeine with

progression of pregnancy between 4 GWs and term

[24–27].

The following trial designs were set for model building

and prediction during pregnancy to match the clinical

studies after the caffeine administration:

Trial design A: Single oral dose of 100 mg caffeine [21];

20 trials with 12 non-pregnant women in each trial.

Trial design B: Single oral dose of 150 mg caffeine [23];

20 trials with 4 non-pregnant women in each trial.

Trial design C: Single oral dose of 150 mg caffeine [28];

20 trials with 8 pregnant women at 36 GWs in each trial.

Trial design D: Single oral dose of 150 mg caffeine

[24]; 20 trials with 20 women in each trial and simulated at

0, 4, 8, 12, 16, 20, 24, 28, 32, 36, and 40 GWs.

Trial design E: Single oral dose of 177 mg caffeine [27];

20 trials with 10 women in each trial and simulated at 0,

10–12, 15–18, 23–25, 31– 33, and 37–39 GWs.

Theophylline

Theophylline is a drug commonly used to treat asthma. It

undergoes extensive hepatic metabolism (* 90%), mainly

by CYP1A2 (* 80%) and CYP2E1 (* 10%). The

kidneys contribute by about 10% to the overall clearance of

the drug [29–31].

Model building

The compound file ‘‘Theophylline’’ within the Simcyp

Simulator was used keeping all the default parameters for

metabolism. However, the distribution was described using

a full-PBPK model where the tissue Kps were predicted

using the Rodgers and Rowland method [22]. All Kps

values were increased by 1.2 fold to achieve the observed

volume of distribution at steady state. Absorption param-

eters were predicted within the Simulator using theo-

phylline lipophilicity (LogPow) within the mechanistic

permeability (MechPeff) model. Adequacy of these set-

tings for the non-pregnant group were checked against

observed data in a group of asthmatic (male and female)

patients [32] before applying the model to the virtual

pregnant population.

PK during pregnancy

Theophylline pharmacokinetics were evaluated throughout

the pregnancy period at different gestational weeks in

asthmatic, non-smoker, women after oral administration

[33]. The following trial designs were set for model

building and prediction during pregnancy to match the

clinical studies:

Fig. 1 A general workflow for

pregnancy PBPK model

development
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Trial design A: Single oral dose of 7.3 mg/kg theo-

phylline [32]; 20 trials with 10 subjects (5 female) in each

trial aged 24–47 years.

Trial design B: Single oral dose of 7.6 mg/kg theo-

phylline [32]; 20 trials with 10 subjects (5 female) in each

trial aged 22–57 years.

Trial design C: Multiple oral dose regimen of 259 mg

theophylline at 12 h interval for 4 days, followed by

259 mg oral theophylline on Day 5 [33]; 20 trials with 10

non-pregnant women in each trial.

Trial design D: Multiple oral dose regimen of 259 mg

theophylline at 12 h interval for 4 days, followed by

259 mg oral theophylline on Day 5 [33]; 20 trials of 10

pregnant women (13–19 GWs).

Trial design E: Multiple oral dose regimen of 259 mg

theophylline at 12 h interval for 4 days, followed by

259 mg oral theophylline on Day 5 [33]; 20 trials of 10

pregnant women (23–28 GWs).

Trial design F: Multiple oral dose regimen of 259 mg

theophylline at 12 h interval for 4 days, followed by

259 mg oral theophylline on Day 5 [33]; 20 trials of 10

pregnant women (34–39 GWs).

Metoprolol

Metoprolol is eliminated by CYP2D6, CYP3A4 and

excreted in urine. The average contribution of these routes

in extensive metabolizers (EMs) are 80%, 9% and 11%,

respectively. Its hepatic extraction ratio (EH) ranged from

0.35 to 0.77 for EMs and from 0.15 to 0.25 for poor

metabolizers (PMs) [34].

Model building

The metoprolol compound file within the Simulator was

selected with the default settings, but instead of the mini-

mal PBPK model the full PBPK distribution model was

used according to the Rodgers and Rowland method [22]

without any adjustment to the calculated tissue Kps. The

absorption profile of the model was described by the

Advanced Dissolution, Absorption and Metabolism

(ADAM) model, which accounts for physiological param-

eters relevant to the absorption phase of the drug [35]. The

immediate release solid formulation option was used and

the intrinsic solubility input for metoprolol was predicted

using built-in calculator within the Simulator. These set-

tings were made to establish a baseline model for the non-

pregnant women after intravenous and oral administration

of metoprolol [19].

PK during pregnancy

Metoprolol pharmacokinetics were investigated in few

clinical studies during pregnancy. In one study, 5 hyper-

tensive pregnant women at 35–38 GWs received a single

intravenous dose of 10 mg metoprolol and 3 days later

they received a single oral dose of 100 mg metoprolol.

These doses were repeated 3–6 months after delivery to the

same women [19]. It was concluded that the greater

metoprolol clearance during pregnancy resulted from

increased hepatic metabolism of the drug.

The following trial designs were set for model building

and prediction during pregnancy to match the clinical

studies after administrations of metoprolol:

Trial design A: A single intravenous dose of 10 mg

metoprolol [19]; 20 trials of 5 non-pregnant women aged

20–36 years.

Trial design B: A single oral dose of 100 mg metoprolol

[19, 36]; 20 trials of 13 non-pregnant women aged

20–36 years.

Trial design C: A single oral dose of 100 mg metoprolol

[37]; 20 trials of 16 non-pregnant women aged

18–40 years, who were EMs (n = 16) with respect to

CYP2D6.

Trial design D: A single oral dose of 100 mg metoprolol

[37]; 20 trials of 4 non-pregnant women aged 18–40 years,

who were PMs (n = 4) with respect to CYP2D6.

Trial design E: A single intravenous dose of 10 mg

metoprolol [19]; 20 trials of 5 pregnant women aged

20–36 years at 35–38 GWs.

Trial design F: A single oral dose of 100 mg metoprolol

[19, 36]; 20 trials of 13 pregnant women aged 20–36 years

at 35–38 GWs.

Trial design G: A single oral dose of 100 mg metoprolol

to 13 pregnant women, who were EMs with respect to

CYP2D6 [38]; 20 trials of 13 pregnant women aged

26–33 years at 39 GWs.

Trial design H: Multiple oral dose of 50 mg metoprolol

twice daily [39]; 20 trials of 6 pregnant women aged

27–37 years at 40 GWs.

Propranolol

Propranolol is an antihypertensive drug with high hepatic

first pass elimination mainly via metabolic clearance. The

fractional contribution of the metabolic pathways in the

healthy non-pregnant population is about 0.21, 0.59, 0.17,

and 0.024 for CYP1A2, CYP2D6, glucuronidation, and

CYP2C19, respectively, while only 0.4% of the dose is

eliminated by the kidney (see [40]).
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Model building

A compound file for propranolol in healthy population has

been published, where the drug elimination was described

by enzyme kinetics, mainly, by CYP1A2, CYP2D6 and

glucuronidation with a minor contribution from CYP2C19

[40]. Gender-differences in propranolol metabolism have

been shown [41, 42] and hence systemic clearance data in

non-pregnant women [43] was used for assigning intrinsic

clearance for different metabolizing enzymes based on the

fractional contribution from these enzymes. The disposi-

tion kinetics were described using the full PBPK distribu-

tion model. The tissues to plasma partition coefficients

predicted within the Simulator using the Rodgers and

Rowland method [22] to recover an intravenous profile

reported for non-pregnant women [43] without any addi-

tional adjustment. The ADAM model was used to predict

the absorption parameters for oral dosing in non-pregnant

women [43]. Other physicochemical input parameters were

taken from the published file [40].

PK during pregnancy

Propranolol pharmacokinetics during pregnancy were

studied after propranolol was administered to pregnant

women between 32 and 36 GWs and when at least 6 weeks

postpartum in the same subjects. On both occasions,

women were administered propranolol 120 mg orally or

10 mg intravenously in randomized order with a minimum

washout period of 1 week [43]. Another study evaluate

propranolol pharmacokinetics in pregnant women (15–39

GWs) and compared the results to a non-pregnant women

group after multiple doses of 50 mg propranolol adminis-

tered orally [44].

The following trial designs were set for model building

and prediction during pregnancy to match the clinical

studies after an intravenous or an oral administration of

propranolol:

Trial design A: Single intravenous dose of 10 mg pro-

pranolol [43]; 20 trials of 5 healthy non-pregnant women

aged 20–45 years.

Trial design B: Single intravenous dose of 10 mg pro-

pranolol [43]; 20 trials of 5 healthy pregnant women

between 32 and 36 GWs aged 20–45 years.

Trial design C: Single oral dose of 120 mg propranolol

[43]; 20 trials of 6 healthy non-pregnant women aged

20–45 years.

Trial design D: Single oral dose of 120 mg propranolol

[43]; 20 trials of 6 healthy pregnant women between 32 and

36 GWs aged 20–45 years.

Trial design E: Multiple oral dose of 80 mg propranolol

[43]; 20 trials of 9 healthy non-pregnant women aged

20–45 years.

Trial design F: Multiple oral dose of 80 mg propranolol

[43]; 20 trials of 7 healthy pregnant women between 15 and

39 GWs aged 20–45 years.

Paroxetine

Paroxetine is a widely used antidepressant. It is completely

absorbed after oral dosing and metabolized mainly by

CYP2D6 in EMs ([ 90%) [45]. The drug however is a

potent inhibitor of CYP2D6.

Model building

The paroxetine compound file is selected from the Simu-

lator compounds library. Default settings were kept, except

the full PBPK distribution option was selected to represent

different body tissues with the tissue Kps being predicted

within the Simulator and accounting for membrane ion

permeability [46]. Verification of this selection were

checked against data from healthy non-pregnant subjects

[45].

PK during pregnancy

Paroxetine kinetics in pregnancy has previously been

explored in three studies [47–49] suggested that paroxetine

plasma level is reduced during pregnancy compared with

non-pregnant level, especially during the third trimester

[48, 49].

The following trial designs were set for model building

and prediction during pregnancy to match the clinical

studies after an oral administration:

Trial design A: A multiple oral dose of 30 mg paroxetine

every day for 14 days [45]; 20 trials of 9 healthy male

subjects aged 20–30 years, who are CYP2D6 EMs.

Trial design B: A multiple oral dose of 30 mg paroxetine

every day for 14 days [45]; 20 trials of 8 healthy male

subjects aged 20–30 years, who are CYP2D6 PMs.

Trial design C: A multiple oral dose of 20 mg parox-

etine every day [48]; 10 trials of 10 CYP2D6 EMs women

aged 20–45 years over the whole period of pregnancy,

from 0 to 40 GWs. Physiological parameters of the virtual

pregnant women were updated on a daily basis within the

simulation to account for the impact of pregnancy on the

drug kinetics with time, i.e., time-varying covariates.

Trial design D: A multiple oral dose of 20 mg parox-

etine every day; 10 trials of 10 women aged 20–45 years

over the whole period of pregnancy, from 0 to 40 GWs.

Default Caucasian CYP2D6 phenotype frequency were

used. Physiological parameters of the virtual pregnant

women were updated on a daily basis within the simulation

to account for time-varying covariates.
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Midazolam

Model building

The midazolam compound file within the Simulator was

used. The distribution model was described by the full

PBPK option where the predicted tissue Kps were reduced

by half to match the iv data from non-pregnant women

[50]. The first order oral absorption rate and fraction

absorbed were predicted within the Simulator, using the

default Caco-2 permeability data. A lag time of 0.2 h was

introduced to recover the non-pregnant women concentra-

tion profile after an oral administration of midazolam [14].

These settings were retained to predict midazolam PK in

pregnant women after intravenous and oral administration.

PK during pregnancy

Midazolam PK during pregnancy was studied between 28

GWs and term. Results from one study showed that

midazolam exposure reduced by * 50% in 13 healthy

pregnant women at 28–32 GWs compared to the exposure

at 6–10 weeks post-partum [14]. Another study investi-

gated midazolam kinetics after a single oral dose of 15 mg

at term [15].

The following trial designs were set for model building

and prediction during pregnancy to match the clinical

studies after an intravenous or an oral administration:

Trial design A: Single intravenous dose of 0.2 mg/kg

midazolam injected over 30 s [50]; 20 trials of 11 non-

pregnant women aged 22–30 years.

Trial design B: Single oral dose of 2 mg midazolam

[14]; 20 trials of 13 non-pregnant women aged

22–40 years.

Trial design C: Single oral dose of 2 mg midazolam

[14]; 20 trials of 13 pregnant women at 28–32 GWs aged

22–40 years.

Trial design D: Single oral dose of 15 mg midazolam

[15]; 20 trials of 8 pregnant women, at 40 GWs aged

40 years.

Trial design E: Single intravenous dose of 0.075 mg/kg

midazolam given in conjunction with an elective caesarean

section [15]; 20 trials of 8 women aged 20–32 years. For

this simulation, the feto-placental unit volume and blood

flow were re-set to zero to mimic the actual situation as the

drug was given straight after delivery. CYP3A4 activity at

40 GWs was assumed in this case.

Nifedipine

Model Building

Nifedipine is an antihypertensive drug that is mainly

metabolized by CYP3A4. The drug is completely absorbed

from the gut, but due to its pre-systemic metabolism its

bioavailability is about 56% to 77% [51]. The drug is

available as immediate and controlled release formulations.

The nifedipine compound file in the Simulator compounds

library was used. Default settings were kept, except the

absorption was described using the ADAM model to allow

formulation specific predictions (see virtual trial design

settings below). Other default nifedipine file settings used

include the full PBPK distribution model that accounts for

membrane ion permeability [46] and metabolism enzyme

kinetics (mainly CYP3A4).

PK during pregnancy

Nifedipine kinetics during pregnancy were evaluated in

different studies between 24 and 36 GWs [52], 26–35 GWs

[53] and between 34 and 40 GWs [54].

The following trial designs were set for model building

and prediction during pregnancy to match the clinical

studies after an oral administration:

Trial design A: Single oral dose of 10 mg nifedipine

immediate release capsule [55]; 20 trials of 7 (3 female)

healthy non-pregnant subjects aged between 21 and

23 years.

Trial design B: Single oral dose of 10 mg nifedipine

immediate release capsule [56]; 20 trials of 12 healthy

male subjects aged between 21 and 28 years.

Trial design C: Single oral dose of 20 mg immediate

release nifedipine [57]; 20 trials of 6 (2 female) healthy

non-pregnant subjects aged between 20 and 30 years.

Trial design D: Multiple oral dose of 20 mg immediate

release nifedipine [52]; 20 trials of 20 pregnant women

aged between 20 to 40 years at 24–36 GWs.

Trial design E: Multiple oral doses of 10 mg nifedipine

immediate release formulation administered every 6 h for

total of 9 doses (54 h study duration) [53]; 20 trials of 15

pregnant women aged between 20 to 34 years at 26–35

GWs.

Trial design F: Multiple oral doses of 20 mg nifedipine

controlled release formulation administered every 12 h for

3 days [54]; 20 trials of 12 pregnant women aged between

20–40 years with their gestational age ranging between 34

and 40 weeks. Similar to the clinical study, PK evaluations

were evaluated on the last day on fasted state. An in vitro

dissolution profile [58] was incorporated in this simulation

to describe absorption for the slow release formulation.
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Trial design G: Single oral dose of 10 mg nifedipine

[59]; 20 trials of 8 women aged between 20 to 35 years

during the immediate postpartum period. For this simula-

tion, the feto-placental unit volume and blood flow were re-

set to zero to mimic the actual situation. CYP3A4 activity

at 40 GWs was assumed.

Rilpivirine

Rilpivirine is an antiretroviral drug used in combination

with other antiretroviral agents, to treat human immunod-

eficiency virus infection (HIV) and to reduce perinatal HIV

transmission to the fetus in Pregnant Women with HIV

Infection. Rilpivirine is prescribed in a standard dosage of

25 mg once a day with food to increase its bioavailability.

The absolute bioavailability of rilpivirine is unknown due

to lack of an intravenous formulation [60]. Rilpivirine is

approximately 99.7% bound to plasma proteins (mainly

albumin) and reaches its maximum concentration within

4–5 h. It undergoes oxidative metabolism in the liver that

is mainly mediated by CYP3A4 [60] and to a lesser extent

by other poorly characterized kinetics, thought to be

mediated by CYP2C19, UGT1A1 and UGT1A4 [61]. The

elimination half-life of rilpivirine is approximately 50 h.

About 25% of the administered dose is recovered as

unchanged rilpivirine in feces, while only trace amounts of

unchanged rilpivirine (\ 1% of dose) were detected in

urine [60].

Model building

A published PBPK rilpivirine file was used with default

elimination kinetics (approximately 75% of metabolism by

CYP3A4, and 25% through other metabolic routes) [60].

The tissues to plasma partition coefficients were predicted

using the Rodgers and Rowland method [22] in the Sim-

ulator without any adjustment to the calculated tissue Kps.

Absorption was described by a lag time of 0.5 h and a first

order rate constant of 0.1 h-1 to recover the observed

concentration time profile in healthy subjects in the fed

state [62]. The fraction absorbed was assumed to be 75% as

25% of the unchanged drug is recovered in feces. These

modifications were verified using an independent dataset

[63].

PK during pregnancy

Rilpivirine pharmacokinetics have been evaluated during

the second and third trimesters showing highly variable

kinetics. Its exposure decreases during second and third

trimesters compared with postpartum [64–66]. These PK

data are in HIV patients, who are usually anaemic and have

lower haematocrit and albumin level. Therefore, the default

physiological parameters within the Simulator for non-

pregnant women were accordingly adjusted to a mean

value of 28.3% haematocrit [67] and a mean value of

41.14 g/L for serum albumin [68]. The default variability

for both parameters within the Simulator were retained.

The following trial designs were set for model building

and prediction during pregnancy to match the design of

clinical studies after an oral administration of rilpivirine:

Trial design A: Single oral dose of 25 mg rilpivirine

[62]; 20 trials of 113 healthy non-pregnant subject (31%

female) aged 18–55 years.

Trial design B: Single oral dose of 75 mg rilpivirine

[63]; 20 trials of 20 healthy non-pregnant subjects (10%

female) aged 21–55 years.

Trial design C: Multiple oral dose of 25 mg rilpivirine

for 14 days [64]; 20 trials of 15 non-pregnant women aged

20–36 years.

Trial design D: Multiple oral dose of 25 mg rilpivirine

for 14 days [65]; 20 trials of 11 non-pregnant women aged

21–36 years.

Trial design E: Multiple oral dose of 25 mg rilpivirine

for 14 days [66]; 20 trials of 28 non-pregnant women aged

20–45 years.

Trial design F: Multiple oral dose of 25 mg rilpivirine

for 14 days [65]; 20 Trials of 15 pregnant subjects aged

21–36 years at 24–28 GWs.

Trial design G: Multiple oral dose of 25 mg rilpivirine

for 14 days [66]; 20 Trials of 18 pregnant subjects aged

21–36 years at 24–28 GWs.

Trial design H: Multiple oral dose of 25 mg rilpivirine

for 14 days [64]; 20 trials of 16 pregnant women aged

20–36 years at 30–37 GWs.

Trial design I: Multiple oral dose of 25 mg rilpivirine

for 14 days [65]; 20 Trials of 13 pregnant subjects aged

21–36 years at 34–38 GWs.

Trial design J: Multiple oral dose of 25 mg rilpivirine

for 14 days [66]; 20 Trials of 30 pregnant subjects aged

21–36 years at 31–40 GWs.

Results

Within the Simulator, the activity of CYP1A2, CYP2D6

and CYP3A4 during pregnancy were determined by the

absolute abundance value of the enzyme in each non-

pregnant virtual subject. The generated net expression of

these enzymes in the liver during pregnancy are shown in

Fig. 2. The following explains the simulation results for

each investigated drug.
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Caffeine

The predicted caffeine concentration profiles for non-

pregnant women are given in Fig. 3a and b. Model pre-

diction for caffeine concentration time profile in pregnant

women are shown in Fig. 3c–f. Predictions in all these

scenarios are in good agreement with the clinical obser-

vations (Fig. 3). These plots also demonstrated that the

pregnancy PBPK model replicated the observed higher

maternal plasma exposure at term in pregnant women

compared with non-pregnant women. The predicted con-

tinuous rise in the caffeine half-lives during pregnancy are

in line with the observed data (Fig. 3d and e). A compar-

ison of observed and predicted PK parameters for caffeine

are given in Table 1.

Theophylline

Theophylline simulations for the baseline model in non-

pregnant women are shown in Fig. 4a. Simulations were in

agreement with the observed individual data after oral

administration. The PBPK model predictions during preg-

nancy (Fig. 4b, c and d) described the observed individual

profiles adequately at different gestational weeks. Com-

parison of the predicted PK parameters obtained for the

simulated profiles with those available from clinical study

are given in Fig. 4e and f.

Metoprolol

Predicted systemic concentration profiles of metoprolol in

plasma as well as derived PK parameters were generally in

agreement with the observed data. Metoprolol PBPK

model predictions for plasma level in non-pregnant women

after intravenous and oral administration are given in

Fig. 5a–d. Predicted metoprolol concentration–time pro-

files in pregnancy compared to the clinical data are shown

in Figs. 5e, f, g, and h. Calculated pharmacokinetic

parameters of metoprolol from simulated profiles are given

in Table 2, in comparison with those obtained for clinical

profiles.

Propranolol

Propranolol simulations for the baseline model in non-

pregnant women are shown in Fig. 6a and b for the model

Fig. 2 Activity and expression of CYP1A2, CYP2D6 and CYP3A4

enzymes during pregnancy. a relative activity to non-pregnant

women. b, c and d absolute liver abundances (solid lines indicate

population means for tracked 2000 virtual pregnant women; shaded

areas indicate the 5th and 95th predicted percentiles)
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building step. Simulations were in agreement with the

observed data after both intravenous and oral administra-

tion. The pregnancy PBPK model slightly under-predicted

the mean observed intravenous profile in four subjects.

However, the observed data are still within the predicted

range (Fig. 6c). On the other hand, the observed profiles

after single and oral administration (Fig. 6d and f) were

adequately predicted using the pregnancy PBPK model.

Comparison of the predicted PK parameters obtained for

the simulated profiles with those available from clinical

study are given in Table 3.

Paroxetine

Paroxetine PBPK predictions for the non-pregnant popu-

lations classified as CYP2D6 EMs or PMs are in agreement

with the observed profiles after single and multiple doses

(Fig. 7a and b). The pregnancy PBPK also showed that

mean simulated concentration–time profiles in the EMs

(Fig. 7c) and general (Fig. 7d) populations are closely

following the observed profiles after multiple-dose

administration. In addition, the 95% confidence intervals

generally contained most of the observed data points.

Fig. 3 Predicted (lines) vs observed (circles) caffeine PK in non-

pregnant and pregnant women over time. Continuous bold lines are

the predicted population means, grey lines are the means of each sub-

trial, broken lines are the predictive 5th and 95th percentiles, and the

error bars represent the standard deviations for the observed data.

a Systemic caffeine plasma concentration in the 12 non-pregnant

women (observed data from [21]). b Mean caffeine level in 4 non-

pregnant pregnant women (observed data from [23]). c Mean caffeine

PK profile in 8 pregnant women at 36 GWs (observed data from [23]).

d Predicted and observed caffeine half-lives at different gestational

weeks (means of observed data from closed circles [24], open circles

[27]). e Predicted and observed mean caffeine (oral) clearance at

different gestational weeks (means of observed data from [27]).

f Predicted and observed caffeine elimination rate at different GWs

(observed data from [27]). Solid lines and shaded area in d, e and

f represent the predicted population means and 5th–95th percentiles

for the generated virtual pregnant population at different gestational

weeks. See ‘‘Methods’’ section for trial settings
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Midazolam

The midazolam simulation results show good agreement

between the predicted and observed drug level in the sys-

temic circulation in both non-pregnant and pregnant

women (Fig. 8). Comparison of the PK parameters

obtained for the simulated profiles with those from clinical

studies (Table 4) shows also good agreement and all PK

parameters were within 2-fold of the observed values.

Nifedipine

The predicted nifedipine plasma concentration profiles in

healthy male, non-pregnant and pregnant women for IR

and CR formulations were in agreement with the clinical

observations (Fig. 9). Observed concentrations were within

the predicted 5th and 95th percentiles. Predicted vs

observed ratios for various pharmacokinetics parameters

are given in Table 5, all the predictions were within 2-fold

of the observed values.

Rilpivirine

Rilpivirine predictions for the baseline model in healthy

subjects are shown in Fig. 10a and b for verifying the

developed PBPK model. Predicted plasma rilpivirine con-

centration profiles in non-pregnant HIV women are shown

in Fig. 10c–e. Predictions were in good agreement with the

observed data, except for Tran’s study [66] in non-pregnant

women (Fig. 10e). However, the observed data are still

within the predicted range. Predicted profiles during second

(Fig. 10f and j) and third (Fig. 10h, i and j) trimesters were

all in good agreement with the observed profiles. Com-

parison of the predicted PK parameters obtained for the

simulated profiles with those available from clinical study

are given in Table 6.

Discussion

The current study utilizes the PBPK approach to assess,

longitudinally, the impact of temporal changes to CYP1A2,

CYP2D6 and CYP3A4 metabolizing enzymes on drug’s

disposition during pregnancy using probe substrates for

each enzyme at different gestational weeks. The predic-

tions were compared against data taken from independent

studies. A quantitative longitudinal description of these

changes are essential for dose adjustment during preg-

nancy. The activity of these enzymes are part of the

pregnancy population. Drugs that are metabolized by more

than one of these enzymes will be affected by these time-

varying equations. For example, propranolol is metabo-

lized by CYP2D6 and CYP1A2, so its clearance is affected

by the activity of the two enzymes at the same time at any

gestational age. This is also the case for metoprolol, which

is metabolized by CYP2D6 and CYP3A4. Other PBPK

model parameters that account for gestational age depen-

dent physiology and inter-individual variability [1] were

also incorporated within the model to prediction of drugs

kinetics at different gestational weeks. The approach used

for integrating pregnancy-related physiological parameters

together with compound dependent parameters within the

PBPK model to predict the maternal concentration time

profiles has been previously described in detail [16].

The reduction of CYP1A2 activity during pregnancy

adequately describes the changes in caffeine pharmacoki-

netics during the whole gestational period reported in dif-

ferent studies [23, 24, 27]. Likewise, predicted

theophylline plasma profiles and PK parameters were in

good agreement with the observed data at different gesta-

tional ages.

The increase in CYP2D6 activity, as investigated using

the metoprolol clearance from CYP2D6 EMs, during

pregnancy adequately describes the changes in metoprolol

Table 1 Predicted vs reported [23] caffeine PK parameters in non-pregnant and pregnant women

Model parameter (Unit) Pregnant Non-pregnant women

Observed Predicted Ratio Observed Predicted Ratio

Mean SD Mean SD Mean SD Mean SD

Cmax (mg/L) 4.58 1.17 4.0 0.8 0.9 6.02 1.78 4.9 1.4 0.8

AUC24h (mg/L/h) 51.8 NA 51.4 21.2 1.0 26.2 NA 34.8 20.8 1.3

Lambda (h-1) 0.049 0.013 0.08 0.05 1.6 0.148 0.014 0.21 0.14 1.4

Half-life (h) 15.1 4.4 13.4 8.6 0.9 4.71 0.45 4.94 3.29 1.0

CLpo (mL/h/kg) 43.2 8.1 48.6 31.3 1.1 122.6 41.5 114.7 115.2 0.9

CLpo (L/h) 2.86 0.54 3.73 2.52 1.3 7.17 2.43 7.53 8.55 1.05

AUC24h: area under the concentration curve till 24 h after the dose; Cmax: maximum plasma concentration; Lambda: elimination rate constant,

Half-life: elimination half-life; CLpo: clearance after oral administration; NA: not available
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kinetics reported in different studies indicating the suit-

ability of this function to reflect in vivo changes of

CYP2D6 activity during pregnancy. Due to using general

population phenotypes and simulating profiles for a range

of gestational weeks (35–38 GWs), a large variability was

observed in the predicted profiles, which is also compara-

ble to the observed variability in pregnant individuals

[19, 36]. There was an over-prediction of metoprolol

concentration in Lindeberg’s study [39] (Fig. 5h), however

individuals were under co-medications with multiple drugs

and no information about their phenotypes was provided.

Propranolol is also considered to be a CYP2D6 sub-

strate, which undergoes significant first pass metabolism by

the liver. Its pharmacokinetic parameters are highly vari-

able between subjects (* 100% CV). The observed fold

increase in clearance during third trimester compared to

non-pregnant women was 1.2 (predicted 1.3) and 1.5

(predicted 2.5) fold after intravenous and oral administra-

tion, respectively (Table 3). Predicted profiles were ade-

quately described the observed data. The predicted mean

after an oral dose in non-pregnant women slightly over-

predicted the observed mean in 6 subjects (Fig. 6b), but

under-predicted the observed mean concentration profile in

another study after multiple doses (Fig. 6e). During preg-

nancy, clinical studies indicated no significant differences

in propranolol kinetics across the three trimesters vs the

Fig. 4 Predicted (lines) vs

observed (circles) theophylline

pharmacokinetics. Plasma

concentration time profiles in

non-pregnant subjects (a and

b [32]) non-pregnant women

(c [33]) and pregnant women at

13–19 GWs (d [33]), 23–28

GWs (e [33]), and 34–39 GWs

(f [33]). Continuous bold lines

are the predicted population

means, grey lines are the means

of each sub-trial, and broken

lines are the predicted 5th and

95th percentiles. See

‘‘Methods’’ section for trial

settings. PK parameters at

different gestational weeks

(g Half-life [33]; h Clearance

(oral) [33]). Shaded area are the

predicted 5th and 95th

percentiles with the predicted

population mean shown as a

solid line. Circles are observed

individual data
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postnatal period [43, 44, 69]. This is probably due to the

following reasons. First, two counteracting enzymes

affecting the clearance, i.e., the continuous increase in

CYP2D6 activity is partially cancelled by the continuous

decrease in CYP1A2 activity over the gestational time.

Second, propranolol plasma concentrations were not dif-

ferent in subjects with extensive vs poor CYP2D6 pheno-

types [70]. Propranolol and/or any of its metabolites may

exert an inhibitory effect on one or more metabolic path-

ways of propranolol itself. Finally, propranolol metabolism

is both regio- and stereo-selective [71, 72]. It should be

pointed out that the racemic propranolol, rather than it

enantiomers, was considered in the developed model.

Paroxetine is another CYP2D6 probe substrate, however

it is also a potent CYP3A4 and CYP2D6 inhibitor [73],

which impairs its own clearance [45]. Paroxetine auto-in-

hibition mechanisms were incorporated in the model.

Despite these observations, simulations were performed for

these compounds. Results of these predictions were in

agreement with the clinically observed kinetics in preg-

nancy, which reinforces the utility of the pregnancy PBPK

model.

The applied quantitative description of the increase in

CYP3A4 activity during pregnancy resulted in good

recovery of observed midazolam exposure during preg-

nancy. Similarly, good recovery of observed nifedipine

Fig. 5 Predicted (lines) vs

observed (circles) metoprolol

plasma concentration in non-

pregnant (a–d) and pregnant (e–
h) women. Observed data in a,
b, e, f and h are individual data,

while in c, d and g are mean

data. Bold continuous lines are

the predicted means, grey thin

lines are the trial means and the

broken lines are the 5th and 95th

percentiles. Plots a, b, c and

d are profiles in non-pregnant

women after either single

intravenous (a [19]) or single

oral (b [19] closed circles &

[36] open circles), (c EMs [37])

and (d PMs [37])

administration. Plots e, f, g, and
h are profiles in pregnant

women after either single

intravenous (e [19]), single oral

(f [19] closed circles) & ( [36]

open circles), and g (EMs [38]))

or multiple oral (h [39])

administration. See ‘‘Methods’’

section for trial settings
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Table 2 Predicted vs observed

[19] metoprolol PK parameters

in pregnant and non-pregnant

women

Model parameter

(unit)

Pregnant Non-pregnant women

Observed Predicted Ratio Observed Predicted Ratio

Mean SD Mean SD Mean SD Mean SD

Intravenous (10 mg)

AUCinf (mg/L/h) 0.12 0.29 0.17 0.11 1.4 0.26 0.93 0.25 0.19 1.0

Half-life (h) 5.4 3.0 3.8 2.0 0.7 5.4 2.6 4.6 3.0 0.9

CLiv (L/h/kg) 1.02 0.40 0.86 0.22 0.8 0.54 0.13 0.75 0.23 1.4

CLiv (L/h) 82.8 34.9 67.7 17.4 0.8 39.0 10.7 48.9 15.1 1.3

Oral (100 mg)

AUC12h (mg/L/h) 0.27 0.69 041 0.47 1.5 0.95 1.08 0.82 0.44 0.9

Half-life (h) 3.4 1.8 3.9 1.6 1.2 3.4 0.7 4.5 0.9 1.3

CLpo (L/h/kg) 7.1 4.6 5.5 3.7 0.8 1.4 0.8 2.16 1.4 1.5

CLpo (L/h) 574 362 409 405 0.7 103 52 141 97 1.4

AUCinf: area under the concentration curve extrapolated to infinity; AUC12h: area under the concentration

curve for 12 h; Half-life: elimination half-life; CLiv: clearance after intravenous administration; CLpo:

clearance after oral administration

Fig. 6 Propranolol systemic

concentration in plasma in non-

pregnant (a, b and e) and
pregnant women. Continuous

bold lines are predicted

population means, each grey

line represents the predicted

mean of each simulated sub-

trial, broken lines are predictive

5th and 95th percentiles, and

error bars represent standard

deviations for the observed data

(circles). (a: single 10 mg iv

infusion to 5 non-pregnant

women [43]; b single 120 mg

oral to 6 non-pregnant women

[43]; c single 10 mg iv infusion

to 5 pregnant women at 32–36

GWs [43]; d single 120 mg oral

to 6 pregnant women at 32–36

GWs [43]; e multiple 80 mg

oral to 9 non-pregnant women

[44]; f multiple 80 mg oral to 7

pregnant women at 15–39 GWs

[44]. See ‘‘Methods’’ section for

trial settings
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Table 3 Predicted vs observed

[43] propranolol PK parameters

in pregnant and non-pregnant

women

Model parameter (unit) Pregnant women Non-pregnant women

Observed Predicted Ratio Observed Predicted Ratio

Mean SD Mean SD Mean SD Mean SD

Intravenous

AUCinf (ng/mL/h) 283 179 236.0 109 0.8 279 73.8 294 114 1.1

Half-life (h) 2.1 1.3 2.8 1.0 1.3 3.0 1.1 3.3 0.9 1.1

CLiv (L/h) 45.4 23.3 49.0 14.4 1.1 37.3 10.2 37.6 10.5 1.0

Lambda (1/h) 0.4 0.2 0.3 0.1 0.6 0.3 0.1 0.2 0.0 0.9

Oral

AUCinf (ng/mL/h) 1290 1134 961 1261 0.7 1920 2307 1563 1184 0.8

Half-life (h) 3.9 1.2 3.6 0.8 0.9 3.8 0.5 3.9 0.8 1.0

CLpo (L/h) 93 106 276 195 3.0 62.5 52 112 63.0 1.8

Lambda (1/h) 0.2 0.1 0.2 0.0 0.9 0.2 0.0 0.2 0.0 1.0

AUCinf: area under the concentration curve extrapolated to infinity; Lambda: elimination rate constant,

Half-life: elimination half-life; CLiv: clearance after intravenous administration; CLpo: clearance after oral

administration

Fig. 7 Predicted (lines) vs observed (circles) paroxetine plasma

concentrations. Plot a Healthy male subjects, who were EMs [45] and

Plot B PMs [45] to CYP2D6. Plot c Pregnant women, who were EMs

[48] and general Caucasian population phenotypes (red circles from

[49]; green circles [74]). Note the x-axis is in days for plots c and

d. Continuous bold lines are predicted population means, each grey

line represents the predicted mean of each simulated sub-trial, and

broken lines are predictive 5th and 95th percentiles. See ‘‘Methods’’

section for trial settings
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Fig. 8 Predicted (lines) vs

observed (circles) systemic

midazolam plasma

concentration profiles in non-

pregnant and pregnant women.

Continuous bold lines are the

predicted population means,

each grey line represents the

predicted mean of each

simulated sub-trial, broken lines

are the predicted 5th and 95th

percentiles, and error bars

represent standard deviations

for the observed data. Plots

a and b are for non-pregnant

women after a intravenous

(a mean profile [50]) and oral

(individual profiles (see [52]))

administration. Plots c and d are

for pregnant women after oral

administration at 28–32GWs

(see [52]) and at term [15]. Plot

e is after intravenous

administration given in

conjunction with an elective

caesarean section [15]. See

‘‘Methods’’ section for each

scenario settings

Table 4 Predicted vs reported

midazolam PK parameters in

pregnant and non-pregnant

women after oral administration

Model parameter Pregnant women Non-pregnant women

Observed Predicted Ratio Observed Predicted Ratio

Mean SD Mean SD Mean SD Mean SD

Hebert et al. [14]

Cmax (ng/mL) 6.4 2.6 6.3 3.1 1.0 9.3 2.0 11.6 5.3 1.3

tmax (h) 0.56 0.15 0.38 0.08 0.7 0.54 0.14 0.38 0.08 0.7

AUCinf (ng/mL/h) 9.5 4.3 11.2 7.2 1.2 17.9 6.0 24 15 1.3

Half-life (h) 2.4 0.7 4.0 0.6 1.7 2.5 1.3 4.1 0.8 1.6

CLpo (L/h) 252 108 271 215 1.1 120 36 135 126 1.1

Kanto et al. [15]

Cmax (ng/mL) 37.9 21.1 28.3 16.7 0.7 - - - - -

tmax (h) 0.5 0.2 0.4 0.1 0.8 - - - - -

AUC6h (ng/mL/h) 37.2 17.1 36.6 24.0 1.0 - - - - -

AUCinf: area under the concentration curve extrapolated to infinity; AUC6h: area under the concentration

curve for 6 h; Cmax: maximum plasma concentration; tmax: time at which Cmax occurs Half-life: elimination

half-life; CLpo: clearance after oral administration
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exposure from different independent studies was obtained

when the gestational impact on CYP3A4 activity was

accounted for in the model. There was significant inter-

subject variability in the observed data for both IR and CR

nifedipine formulation studies, especially around Cmax.

Currently, there are limited and conflicting data on gas-

trointestinal changes during pregnancy that can affect drug

absorption from the gastrointestinal tract [1], therefore in

the ADAM model the physiological parameters of non-

pregnant women were used. The quantified increases in

CYP3A4 activity during pregnancy resulted in good

description of the observed reduction of rilpivirine

exposure during second and third trimesters compared with

postpartum level. The predicted mean PK parameters were

also within 1.5-fold of the observed values. There is an

over-prediction of the observed profiles in Tran’s study for

postpartum, however this trend was not observed for

postpartum women in other studies. HIV patients are usu-

ally under co-medications as it is the case for all rilpivirine

studies, which can affect the drug exposure and might be

the reason for the observed discrepancy. In the current

analysis, co-medication was not taken into account during

PK predictions.

Fig. 9 Predicted (lines) vs

observed (circles) systemic

nifedipine plasma concentration

profiles in non-pregnant and

pregnant women. Continuous

bold lines are the predicted

population means, each grey

line represents the predicted

mean of each simulated sub-

trial, broken lines are the

predicted 5th and 95th

percentiles, and error bars

represent standard deviations

for the observed data. The

nifedipine level in non-pregnant

women after oral administration

are given in plots a [55], b [56]

and c [57]. The nifedipine level

in pregnant women after oral

administration are given in plots

d (24–36 GWs [52]), e (26–35

GWs [53] and f (34.4–39.6 GWs

[54]). Plot g is the observed

plasma level of nifedipine for a

single oral dose given

immediately after birth [59].

See ‘‘Methods’’ section for trial

settings
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For some drugs, like caffeine the absorption is fast and

complete as its permeability through the gut wall is high

and it does not undergo gut metabolism due to the absence

of CYP1A2 in the gut, hence the default first order

absorption model is used. For rilpivirine, the absorption is

poorly understood and cannot be deconvoluted due to the

absence of intravenous formulation and as a result the first

order absorption model is used. For other compounds

where the default absorption model is ADAM or infor-

mation on formulation are available, the ADAM model was

used. Since this research work mainly focuses on the dis-

position kinetics, changes to the absorption settings were

kept minimal. Mechanistically, the ADAM model is pre-

ferred over the first order model and this could be an

enhancement to the rilpivirine file in the future.

Fig. 10 Rilpivirine systemic

concentration in plasma after

single dose in healthy subjects

(a [62] and b [63]) and at steady

state in non-pregnant HIV

women (c [64], d [65] and

e [66]), pregnant women at

second trimester (f [65] and
g [66]) and third trimester

(h [64], i [65], j [66]).
Continuous bold lines are

predicted population means,

each grey line represents the

predicted mean of each

simulated sub-trial, broken lines

are predictive 5th and 95th

percentiles, and error bars

represent standard deviations

for the observed data (circles).

Data in pregnant women are at

24–28 GWs (f [65]), 20–28
GWs (g [66]), 30–37 GWs

(h [64]), 34–38 GWs (i [65]),
and 31–40 GWs (j [66]). See
‘‘Methods’’ section for trial

settings
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Due to the nature of science evolution, reported PK

results from historical and recent clinical studies were

presented in different ways, for example earlier studies

were not designed to evaluate the impact of phenotypes of

CYP2D6. Historically, different assays were used to

quantify the drug concentration with different sensitivity

levels. Few studies reported lumped PK parameters derived

from wide gestational age range additionally they did not

provide individual concentration time profiles or distribu-

tion of the individuals’ gestational age within the studied

gestational week ranges. Distribution of the observed PK

parameters were reported in some cases as ranges, while

others reported only standard error of the mean, which

further challenged comparing results between studies.

There is also information missing in the original studies

regarding the trial setting used and the inclusion criteria.

This resulted in replicating and comparing studies sepa-

rately. Absence of cross-over type studies, where individ-

uals are their own control, and as in the case of nifedipine,

the complete absence of a reference non-pregnant women

population further challenged the interpretation of the

results. In most cases concentration profiles were read from

logarithm plots. Further verification of these enzymes with

compounds of diverse properties are required to build

confidence in the model. Expanding the scope of the

pregnancy PBPK model applications to include additional

enzymes and transporters is of interest to obtain better

insights in effects of gestation on the drug disposition

during pregnancy.

The results of this study show the ability of the model to

predict the exposure of drugs for the investigated enzymes.

Therefore, it may be used to inform dosing during preg-

nancy for drugs where such information is not available.

CYP1A2 enzyme is involved in the metabolism of some

drugs. Its reduced activity during pregnancy can increase

the systemic exposure of CYP1A2 substrates above the

therapeutic window leading to toxicity and adverse effects

on the developing fetus. On the other hand, the activity of

both CYP3A4 and CYP2D6 increases during pregnancy,

which can result in drug exposure below the effective

concentration and consequently treatment failure. Further-

more, toxicity can occur indirectly due to an enhanced

generation of toxic metabolite in the case of CYP3A4 and

CYP2D6 enzymes. In all cases, the teratogenic effect can

also occur at the recommended therapeutic dose and

therefore dose modification should be carefully assessed.

Conclusion

Quantified changes in CYP1A2, CYP2D6 and CYP3A4

activity resulted in a good recovery of the observed profiles

and PK parameters for their sensitive probes. Results

obtained in this study demonstrate the utility of pregnancy

PBPK modelling as a generic tool for predicting dosage

requirements in pregnant patients with respect to substrates

of specific enzymes. The pregnancy PBPK model should

be viewed as a ‘‘live’’ model which undergoes continuous

enhancements as knowledge of physiological and bio-

chemical changes during pregnancy increases to expand

the applications to other CYPs and non-CYPs enzymes as

well as transporters. The level of confidence in these

Table 5 Predicted vs observed

nifedipine pharmacokinetic

parameters after oral

administration

Model parameter (unit) Pregnant women Non-pregnant women

Observed Predicted Ratio Observed Predicted Ratio

Mean SD Mean SD Mean SD Mean SD

Filgueira et al. [54] Rashid et al. [55]

Cmax (ng/mL) 28.2 30 26 14.6 0.9 135 44 105 35.9 0.8

tmax (h) 1.60 0.40 2.0 0.32 1.3 0.25 NA 0.33 0.07 1.3

AUCt (ng/mL/h) 250 50 167 94 0.7 187* 62.0 216 144 1.2

Half-life (h) 5.1 2.6 3.0 0.6 0.6 2.6 1.1 2.8 1.3 1.1

CLpo (L/h) 89.2 29 170 101 1.9 53.5 NA 63.9 37.5 1.2

Prevost et al. [53] Foster et al. [56]

Cmax (ng/mL) 39 18 47 23 1.2 73.5 52.4 98.5 35 1.3

tmax (h) 0.7 NA 0.3 0.03 0.4 0.6 0.2 0.4 0.1 0.7

AUCt (ng/mL/h) 83 43 74 52.3 0.9 125 61.7 193 113 1.6

Half-life (h) 1.3 0.5 2.6 0.9 2.0 3.4 35.9 2.7 1.5 0.8

CLpo (L/h) 147 59 202 145 1.4 80 NA 70 43 0.9

*AUCinf: area under the concentration curve extrapolated to infinity [55]; AUCt: area under the concen-

tration curve until the last time of measurement; Cmax: maximum plasma concentration; tmax: time at which

Cmax occurs; Half-life: elimination half-life; CLpo: clearance after oral administration
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models at any given time reflects the state of existing

knowledge and the models capability to incorporate such

knowledge.
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Table 6 Predicted vs observed rilpivirine pharmacokinetic parameters after oral administration in pregnant and non-pregnant women

Model parameter Trimester 2 Trimester 3 Non-pregnant women

Observed Predicted Ratio Observed Predicted Ratio Observed Predicted Ratio

Tran et al. 2016 (Median and range) [66]

Cmax

(ng/mL)

145

(43–347)

124.3

(24.3–338)

0.9 134

(49–267)

95.1

(41–182)

0.7 134.0

(48–407)

193

(44.6–541)

1.4

tmax *

(h)

4.0

(1–6)

2.9

(1.7–5.6)

0.7 2.0

(1.0–24)

2.9

(2.0–4.1)

1.5 4.0

(1.0–8.0)

3.2

(1.6 -6.6)

0.8

AUC24

(ng/mL/h)

1969

(867–4987)

2419

(439–7162)

1.2 1669

(556–4312)

1783

(668 -3772)

1.1 2387

(188–6736)

3954

(746–11,922)

1.7

CLpo

(L/h)

13.0

(5–29)

13.3

(3.5–57)

1.0 15.0

(6–45)

18.3

(6.6 -37.4)

1.2 10.0

(4–133)

7.8

(2.1–33.5)

0.8

Cmin

(ng/mL)

65

(29–178)

69

(12–263)

1.1 51

(10–136)

48

(8–196)

0.9 58

(10–200)

120

(22–441)

2.1

Schalkwijk, 2017 (Geometric mean and %CV) [64]

Cmax

(ng/mL)

- - - 110.0

(36%)

89.1

(45%)

0.8 170.0

(34%)

172.4

(43%)

1.0

AUC24

(ng/mL/h)

- - - 1710

(37%)

1621.6

(52%)

0.9 3040

(39%)

3446.2

(48%)

1.1

CLpo

(L/h)

- - - 17.8

(38%)

15.4

(57%)

0.9 8.2

(39%)

7.3

(52%)

0.9

Cmin

(ng/mL)

- - - 50

(50%)

50

(60%)

1.0 100

(42%)

116

(53%)

1.2

Osiyemi, 2018 (Arithmetic mean and SD) [65]

Total rilpivirine

Cmax

(ng/mL)

121.0

(45.9)

117.5

(52.9)

1.0 123.0

(47.5)

92.6

(42)

0.8 167.0

(101)

192.5

(85.1)

1.2

tmax

(h)

4.0 2.9

(0.69)

0.7 4.0 2.9

(0.63)

0.7 4.0 3.2

(0.8)

0.8

AUC24

(ng/mL/h)

1792

(711)

2270

(1171)

1.3 1762

(662)

1731

(910)

1.0 2714

(1535)

3948

(1925)

1.5

Cmin

(ng/mL)

54.3

(25.8)

75.1

(43.9)

1.4 52.9

(24.4)

55.5

(33.6)

1.0 84

(58.8)

136.9

(73.4)

1.6

Unbound rilpivirine

Cmax

(ng/mL)

0.32

(0.11)

0.45

(0.20)

1.4 0.34

(0.135)

0.39

(0.17)

1.1 0.39

(0.17)

0.63

(0.27)

1.6

AUC24

(ng/mL/h)

4.74

(1.83)

8.68

(4.35)

1.8 4.94

(1.95)

7.34

(3.76)

1.5 6.35

(2.79)

12.83

(6.09)

2.0

Cmin

(ng/mL)

0.14

(0.0676)

0.29

(0.16)

2.1 0.15

(0.07)

0.23

(0.14)

1.5 0.20

(0.11)

0.44

(0.23)

2.2

AUC24: area under the concentration curve at steady state for the last 24 h; Cmax: maximum plasma concentration; Cmin: minimal plasma

concentration; tmax: time at which Cmax occurs; CLpo: clearance after oral administration.* observed tmax values are given as mode
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