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Perinatal pharmacology is influenced by a myriad of physiological variables that are

changing dynamically. The influence of these covariates has not been assessed

systemically. The objective of this work was to use theophylline as a model drug and

to predict its pharmacokinetics before, during (including prediction of the umbilical

cord level), and after pregnancy as well as in milk (after single and multiple doses)

and in neonates using a physiological-based pharmacokinetic (PBPK) model. Neonatal

theophylline exposure from milk consumption was projected in both normal term and

preterm subjects. Predicted infant daily doses were calculated using theophylline average

and maximum concentration in the milk as well as an estimate of milk consumption.

Predicted concentrations and parameters from the PBPK model were compared to

the observed data. PBPK predicted theophylline concentrations in non-pregnant and

pregnant populations at different gestational weeks were within 2-fold of the observations

and the observed concentrations fell within the 5th−95th prediction interval from the

PBPK simulations. The PBPKmodel predicted an average cord-to-maternal plasma ratio

of 1.0, which also agrees well with experimental observations. Predicted postpartum

theophylline concentration profiles in milk were also in good agreement with observations

with a predicted milk-to-plasma ratio of 0.68. For an infant of 2 kg consuming 150ml of

milk per day, the lactation model predicted a relative infant dose (RID) of 12 and 17%

using predicted average (Cavg,ss) and maximum (Cmax,ss) concentration in milk at steady

state. The maximum RID of 17% corresponds to an absolute infant daily dose of 1.4

± 0.5 mg/kg/day. This dose, when administered as 0.233 mg/kg every 4 h, to resemble

breastfeeding frequency, resulted in plasma concentrations as high as 3.9 (1.9–6.8) mg/L

and 2.8 (1.3–5.3) (5th−95th percentiles) on day 7 in preterm (32 GW) and full-term

neonatal populations.
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INTRODUCTION

Pharmacokinetics (PK) are typically influenced by a variety
of physiological variables and also can be altered in different
pathological states (1, 2). During the perinatal period, drug
PK can be affected by a variety of time-varying physiological
parameters in the mother and the unborn fetus (3). Immediately
after birth few physiological parameters are reverting to the pre-
pregnancy status and can affect the maternal drug exposure
(4). For many drugs, the impacts of these changes are minimal
with most of the PK parameters being within the pre-pregnancy
range (5, 6). Drug exposure to neonates after birth may happen
during breastfeeding, assuming the drug reaches the milk after
maternal intake. The amount of drug delivered to the breastfed
neonate varies with variability in maternal physiology and milk
composition as well as the breastfeeding style, i.e., frequency and
fed amounts (7, 8). Once the drug reaches the neonatal gut or
systemic circulation, the exposure in neonates is influenced by
the maturation of the drug absorption and disposition processes
that are known to vary with the age of the newborn (9–11).

The impact of physiological changes during pregnancy on
drug disposition has not always been thoroughly assessed in
clinical studies. This leaves open the question of how and to what
extent physiological changes can affect the PK of a drug during
pregnancy and if knowledge of the physiological changes that
occur during pregnancy can be used to provide some insight
into potential PK alterations during pregnancy. Information on
the expected alteration of drug PK during the perinatal period
can be used to guide the initial prescription strategies to protect
both the mother and the neonate by aiding the selection of
the right dose for the right patient at the right time (12, 13).
During breastfeeding, there is a risk of neonatal drug exposure
via breast milk following maternal drug intake. Milk is a complex
fluid, with pH, fat, and protein levels that change over time. The
composition of milk and the physicochemical properties of drugs
largely determine the extent to which drugs are excreted into the
milk (14). The ability to predict neonatal exposure to drugs via
breast milk (particularly those that are potentially hazardous to
neonates) would also be useful in a clinical setting.

Physiologically-based-pharmacokinetic (PBPK) modeling has
been widely used to investigate the influence of physiological
changes in different subjects or in specific populations on
drug disposition (15, 16). The application of PBPK models to
predict drug exposure in pregnant women is increasing due to
its mechanistic nature. This allows the inclusion of gestational
age-related changes in physiological parameters together
with information on the physicochemical properties, in vitro
disposition information (binding, metabolism, permeability,
solubility, etc.), and human PK of the drug to be considered in the
PBPK model (12). To date, the clinical applications of the PBPK
model to predict drug exposure in milk are still very limited.
The aim of this work is to develop a PBPK model to describe
the pharmacokinetics of theophylline before, during, and after
pregnancy, in breast milk, and in neonates. Theophylline is
commonly used to treat asthma and apnea of prematurity
and was selected as a model drug for this exercise due to the
availability of PK data from different perinatal periods.

MATERIALS AND METHODS

Workflow
For all predictions of theophylline kinetics in different
populations, the Simcyp Simulator (V21) was used. The workflow
of the PBPK model implementation was as follows. Firstly,
simulations were performed to predict the theophylline PK in
non-pregnant subjects. Secondly, the developed theophylline
PBPK model in non-pregnant subjects was used to predict the
theophylline PK during pregnancy by applying gestational-
dependent changes in the physiological parameters of the
mother and the fetus. Thirdly, the PBPK model was coupled
with a lactation model (14) to predict the drug exposure in
maternal plasma and milk (8). Finally, the predicted infant daily
dose from the lactation model was used as a dose input for
the neonatal PBPK model in neonatal subjects of different ages
by accounting for neonatal age-dependent physiology changes
(17). This workflow is depicted in Figure 1. The results from all
simulations were compared to observed clinical data. A total
of 20 trials were used in each executed simulation using the
reported sample size for each trial to the derived parameters e.g.,
AUC, Cmax, etc., are reasonable estimates of the parameters and
their associated variability in a population. If a clinical study
used < 10 subjects, we executed the simulation for 10 subjects in
20 trials (200 subjects) to get a better picture of the variability.

Model Building
The input parameters for the theophylline PBPK model are
provided in the Supplementary Table 1. The parameters used
in the theophylline PBPK model are based on a previously
published theophylline PBPKmodel (3) that was used to simulate
theophylline PK in non-pregnant and pregnant women without
considering the fetoplacental model or CYP2E1 changes during
pregnancy. The absorption was modeled using a first-order
absorption model. In the current work, a mechanistic model of
oral absorption of theophylline was used with the permeability
in different segments of the intestine being predicted from
physicochemical properties using a mechanistic permeability
approach (18).

Depending on the clinical study the theophylline was
dosed in the PBPK model either as a solution or a tablet.
After oral administration of theophylline in adult subjects,
the bioavailability is ∼100% from uncoated tablet and liquid
formulations (19). When tablets were used in the clinical study
the solid formulation option was chosen for the PBPK model
with dissolution being described using a diffusion layer model
(20) with an intrinsic solubility value for theophylline being
calculated from the melting point and lipophilicity of the
drug [273◦C; (21)] (22). The distribution of theophylline into
the tissues was described using a full-body PBPK model with
tissue partition coefficients (Kps) being predicted according to
Rodgers and Rowland (23) with a global tissue scalar of 1.2
to recover reported data after an intravenous dose (24). The
elimination of theophylline was described using metabolism
(∼85% of systemic clearance) and renal clearance data (∼15%
of systemic clearance) (see Supplementary Table 1) for a list
of input parameters in the PBPK model). The metabolism of
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FIGURE 1 | Workflow of the implemented perinatal theophylline physiological-based pharmacokinetic (PBPK) model. The neonatal model includes caffeine PBPK as a

formed metabolite.

theophylline in non-pregnant subjects was mainly by CYP 1A2
(∼88% of hepatic metabolism) and CYP2E1 (∼12% of hepatic
metabolism) with minor contributions (<1%) from CYP2D6
and CYP3A4). Assignment of the contribution of individual
CYP isozymes to the metabolism of theophylline was made
based on published data (25, 26). The adequacy of these
parameters to predict theophylline PK in non-pregnant subjects
was assessed by comparison with observed data in non-pregnant
populations after intravenous and oral administrations. The
compound PBPK model was then used to simulate theophylline
PK in the pregnancy, lactation, and neonatal PBPK models.
In these simulations, the input parameters for theophylline
were not modified with the exception of the inclusion of a
metabolic pathway resulting in the formation of caffeine in
neonatal subjects that is not observed in adult subjects (27, 28)
(Supplementary Table 1). In addition, a first-order absorption
model was used in the preterm subjects as the mechanistic
absorption model used in the other populations has not been
implemented in the software for preterm subjects due to a
paucity of appropriate physiological gut data to parametrize
the more complex absorption model in preterm subjects. Other
physiological changes in the PBPK model were accounted for in
pregnant women and neonatal subjects (see following sections
for details).

Theophylline PK in Non-Pregnant
Population
The following virtual trial settings were used for non-pregnant
subjects after either intravenous or oral administrations:

Trial design NP1 (model building): Single intravenous
infusion of 4.5 mg/kg theophylline administered over
30min (24); 20 trials of 14 (0% women) subjects aged
19–35 years.

Trial design NP2: Single intravenous infusion of 7.3 mg/kg
theophylline administered over 30min (19); 20 trials of 20 (50%
women) subjects aged 24–57 years.

Trial design NP3: Single intravenous infusion of 240mg
theophylline administered over 45min (29); 20 trials of 10 (100%
women) subjects aged 22–26 years.

Trial design NP4: Single intravenous infusion of 151.2mg
theophylline administered over 20min (30); 20 trials of 13 (0%
women) subjects aged 20–39 years.

Trial design NP5: Single oral doses of 3.4 mg/kg
theophylline (31); 20 trials of 10 (56% women) subjects aged
18–36 years.

Trial design NP6: Single oral dose of 5 mg/kg theophylline
solution (32); 20 trials of 12 subjects (0% women) aged 23–
39 years.

Trial design NP7: Single oral dose of 5 mg/kg theophylline
solution (33); 20 trials of 10 (50% women) subjects aged 22–
35 years.

Trial design NP8: Single oral dose of 7.6 mg/kg theophylline
(19); 20 trials with 10 (50% women) subjects aged 22–57 years in
each trial.

Trial design NP9: Single ascending oral dose of
125, 250, 375, and 500mg theophylline tablet (34); 20
trials of 10 (50% women) subjects aged 22–35 years in
each trial.
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Theophylline PK During Pregnancy
The changes in maternal physiology during pregnancy have
been described in detail previously (3). The main physiological
changes affecting the clearance of theophylline during pregnancy
are the changes in CYP1A2 and CYP2E1 activity and renal GFR
during pregnancy. These changes were described in the PBPK
model using the following functions:

CYP1A2preg = CYP1A2(0)
(

1− 0.02552 GW + 0.0002 GW2
)

CYP2E1preg = CYP2E1(0)
(

1+ 0.012 GW + 0.0002 GW2
)

GFRpred

(

mL

min

)

= GFR(0) (1+ 0.028392 GW − 0.000502 GW2)

where CYP1A2(0), CYP2E1(0), and GFR(0) are the baseline
values in non-pregnant women. Values for individual subjects
i, are generated from a mean value and %CV using lognormal
distribution, GW is the gestational week. These equations, except
CYP2E1, have been described previously (3, 35). The change
of CYP2E1 activity during pregnancy used in this study was
derived based on the difference in the longitudinal unbound
oral clearance of theophylline observed during pregnancy and
the predicted unbound clearance from the PBPK model without
CYP2E1 changes being incorporated (Supplementary Figure 1).
Due to the absence of systemic clearance at different gestational
weeks, the oral clearance was used as the bioavailability of
theophylline was reported to be complete, i.e., F = 1 (19).
Exposure in the fetus was simulated to occur via a placental
permeability-limited model as described previously (36). In the
current work, the fetal model was extended to 14 compartments
representing various fetal tissues and linked to the maternal full-
PBPK model via the placenta, which in turn was represented by
three compartments (Figure 1). Growth of the fetus and fetal
tissues, tissue blood flows, and binding proteins were all dynamic
within the model according to previously published relationships
(37–40). Physiological changes to the placenta, including its size
and blood flow on thematernal and fetal sides, were also included
in the model (35, 40). More details on the fetoplacental model
assumptions and application have been described elsewhere (41).

This maternal-fetal model allows the prediction of fetal
exposure. A value for theophylline transplacental clearance
(CLPD) obtained from an ex vivo experiment of 2.59
mL/min/cotyledon (42) was included in the PBPK model
to predict umbilical cord exposure. The in vitro value was scaled
to give a CLPD value in (L/h/g tissue) as described below using
the reported cotyledon weight of 22 g reported in the same
experiment (42):

Placenta CLPD =
2.59 (mL/min)

22 (g)
60/1000

= 0.0071 L/h/g tissue

This CLPD of 0.0071 L/h/g tissue was used as a model input
parameter to parametrize the passive diffusion clearances on both
sides of the placenta assuming a placental density of 1 g/ml.
In addition, to predict the amniotic exposure of theophylline,

the fetal renal clearance (fetal CLR) was calculated based on
fetal GFR of 4.9 ml/min (43) with reference to a typical adult
GFR value of 121 mL/min (44) and the adult theophylline renal
clearance of 0.31 L/h (see Supplementary Table 1) according to
the following equation

fetal CLR
(

L/h/kg
)

=

(

Adult CLR (L/h)

Fetal Bodyweight(Kg)

)

(

fetal GFR (mL/min)

Adult GFR (mL/min)

)

Clearances between the fetal tissue and amniotic fluid, as well as
fetal swallowing, were accounted for in the fetal PBPK model
as described previously (41). The full list of the model input
parameters is available in Supplementary Table 1.

The following trial designs were set for model prediction
during pregnancy to match the clinical studies after oral
administration of theophylline:

Trial design P1:Multiple oral doses of 259mg theophylline for
5 days (45); 20 trials of 10 pregnant women aged 19–31 years at
13–19 GWs.

Trial design P2:Multiple oral doses of 259mg theophylline for
5 days (45); 20 trials of 10 pregnant women aged 19–31 years at
23–28 GWs.

Trial design P3:Multiple oral doses of 259mg theophylline for
5 days (45); 20 trials of 10 pregnant women aged 19–31 years at
34–39 GWs.

Trial design P4:Multiple oral doses of 259mg theophylline for
5 days (46); 20 trials of 10 pregnant women aged 20–31 years at
37–40 GWs.

Trial design P5: Multiple oral doses of 160mg theophylline
every 6 h for 3 days (47); 20 trials of 10 pregnant women aged
19–31 years at 34–39 GWs.

Trial design P6: Multiple oral doses of 100mg theophylline
every 12 h for 3 days (48); 20 trials of 10 pregnant women aged
18–45 years at 40 GWs.

Theophylline PK During Lactation
Due to an absence of information on the milk composition
of the nursing mothers included in the clinical studies, two
empirical models (I and II; see below for detailed equations)
were used to predict the theophylline milk-to-plasma (M/P) ratio
assuming a mature milk composition (8) and the average value
of milk:plasma ratio (M/P) was used in the simulations (see
Discussion section).

Model I (14, 49):

M/P =
fupfu

un
p

fuunmk

1

fumk

(

1
1+ f fat (fumk

Pappmilk−1)

)

Model II (14):

lnM/P = −0.405 + 9.36 ln(Mu/Pu)− 0.69 ln fup − 1.54 InK
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where,

K = ((1− f fat)/ fumk)+ f fat . Pappmilk

Pappmilk = 10(−0.88+1.29 LogD7.2)

fup is the individualized unbound fraction of the drug in the

maternal plasma, f fat is the fractional volumes of fat components

in the milk, sampled from a population mean of 6.2 g/100ml of
milk and distribution (33% CV) using a lognormal distribution.
LogD7.2 is the apparent milk fat-to-skimmedmilk partition at pH
7.2 (14). This value is predicted from the theophylline octanol-
to-water partitioning ratio (LogPo :w) accounting for ionization
at pH = 7.2. fumk is the individualized unbound fraction of the
drug in the milk calculated using the following equation (50):

fumk =
fup

0.448

0.0006940.448 + fup
0.448

Mu/Pu, is the ratio of the unionized fraction of the drug in
plasma, f unp , to the unionized fraction of the drug in milk, f un

mk
.

f unp , is calculated using the compound pKa(s) and the plasma pH.
According to the following equations:

f unp =
1

1+ 10(pKa2−pKa1) + 10(pHplasma−pKa1)
+ 10(pKa2−pHplasma)

f unmk =
1

1+ 10(pKa2−pKa1) + 10(pHMilk−pKa1) + 10(pKa2−pHMilk)

Where the pH of the milk is a physiological parameter (milk pH
= 7.0) (8).

Using the average milk to plasma ratio, the milk level of
theophylline after single and multiple dosing in the mother was
simulated. Predicted infant daily doses were calculated using the
predicted theophylline average (Cavg,ss) and maximum (Cmax,ss)
concentration in milk at a steady state.

Trial design L1:Multiple oral doses of 259mg theophylline for
5 days (45); 20 trials of 10 nursing mothers aged 19–31 years in
each trial.

Trial design L2: Single intravenous dose of 4.25 mg/kg infused
over 20min (51); 20 trials of 10 nursingmothers aged 19–31 years
in each trial.

Trial design L3:Oral doses of 300mg theophylline followed by
200mg after 4 h (52); 20 trials of 12 nursing mothers aged 20–40
years old.

Theophylline PK in Neonates
For assessment of theophylline neonatal exposure from milk, the
calculated infant daily dose was used as an input for the neonatal
PBPK model. Simulations were conducted in both full-term and
preterm neonatal subjects. The physiology of the preterm PBPK
model includes age-dependent changes in physiology, including
parameters relevant to theophylline elimination such as renal
function, and CYP1A2 ontogeny (53). The ontogeny of CYP2E1
has not been quantified in preterm individuals so the ontogeny

in preterm subjects was assumed to be the same as in the full-
term subjects (54). Therefore, the following equations were used
to describe the age-related changes in theophylline clearance:

GFRpreterm (mL/min) = 121

(

PMA3.4

0.9233.4 + PMA3.4

)

(

weight

70

)0.75

CYP1A2preterm
(

fraction of adult
)

= 0.81+ PMA5.2

CYP2E1preterm
(

fraction of adult
)

=
0.99 x (PNA/52)0.5

0.230.5 + (PNA/52)
0.5

where PMA is the postmenstrual age in years, and PNA is
the postnatal age in weeks converted to years via dividing by
52 weeks.

Theophylline undergoes an additional metabolic process in
preterm neonates resulting in the formation of caffeine (27). This
metabolic pathway does not occur in adults and the pathway is
therefore not included in the adult model. The pathway leading
to caffeine formation was accounted for in the preterm neonatal
PBPK model as described below with no further ontogeny of
the pathway being considered in the liver. A previously verified
caffeine PBPK model (53) was included in the preterm neonatal
model as a metabolite of theophylline and was used to optimize
the intrinsic clearance of theophylline to caffeine by comparison
of the simulated with the observed caffeine levels in preterm
neonates after intravenous (28) and oral administration (55)
of theophylline. A scaling factor of 20-fold for the conversion
of theophylline to caffeine in the gut was required to describe
the observed exposure of theophylline, but also the formed
caffeine checked during the exercise, after oral administration.
Sensitivity analysis for this intestinal metabolism scalar is given
in Supplementary Figure 4. The caffeine metabolite model was
retained in the PBPK model for all neonatal simulations. A list of
preterm PBPKmodel inputs for theophylline and caffeine is given
in Supplementary Tables 1, 2. To account for fast developmental
changes in the preterm physiology, the time-varying covariates
option within the Simulator was used (56).

The following simulations were conducted for the neonatal
model building and performance verification:

Trial design N1 (model building): An intravenous loading
dose of 5.5 mg/kg theophylline infused over 20min followed by
multiple intravenous doses every 12 h of 1.1 mg/kg infused over
1 h for 7 days (28); 20 trials of 10 (20% women) preterm neonates
aged 0–3 postnatal weeks and their gestational weeks ranged
between 27 and 32 weeks. The systemic concentration profiles
were followed for 14 days from the first dose.

Trial design N 2: a single IV bolus of 1.2 mg/kg of theophylline
to produce the same initial plasma concentration in the neonatal
PBPK model that was observed in the umbilical cord plasma at
birth (48); 20 trials of 10 full-term neonates at birth (0 h PNA).

Trial design N 3: a single IV infusion of 4 mg/kg theophylline
for 20min (57); 20 trials of 10 (50% women) preterm neonates
aged 3–15 days and GWs of 27.5 weeks.
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Trial design N 4 (model building): a loading oral dose of
5 mg/kg theophylline then 1.25mg/kg orally every 6 h (55); 20
trials of 14 (50% women) preterm neonates aged 85 h and their
gestational weeks ranged between 25 and 34 weeks.

Trial design N5: Single oral dose of 5.6 mg/kg theophylline
solution (58); 20 trials of 10 (50% women) preterm neonates aged
0–4 postnatal weeks and their gestational weeks ranged between
29 and 36 weeks.

Trial design N6: a loading oral dose of 5 mg/kg theophylline
followed by 8 doses of 2.3 mg/kg every 12 h [subject Sch in (58)];
20 trials of 10 (50% women) preterm neonates aged 2–28 days
and 34 gestational weeks. A similar experimental design was used
but with 7 doses of 2 mg/kg every 12 h [subject C in (58)].

Trial design N7: Multiple oral doses of 1.25 mg/kg
theophylline every 6 h (27); 20 trials of 10 (30% women)
preterm neonates aged 1–9 days with their gestational weeks
ranging between 26 and 33 weeks.

Trial design N8: A loading dose of 5 mg/kg theophylline
infused over 30min followed by 1 h-infusion of 1.1 mg/kg/12 h in
28 (A), 32 (B), and 38 (C) GWs neonates at birth. This replicates
the study design reported by Bonati et al. (28).

Trial design N9: Multiple oral doses of the predicted average
infant daily dose divided into 6 daily doses. This dosing pattern
resembles the frequency of feeding for breastfed babies. Dosing
was repeated for 14 consecutive days; 20 trials of 20 (50%women)
neonates at birth, either 28, 32, or 38 GWs (three scenarios). In
this trial, a single intravenous loading dose of 4.2 mg/kg (for a
28 GWs group), 4.5 mg/kg (for a 32 GWs group), and 4.8 mg/kg
(for a 38 GWs group) was administered over 10 s to produce an
initial systemic concentration of 10mg/L, the same concentration
as was observed in the cord plasma at birth.

Trial design N10: Multiple oral doses of the predicted
maximum infant daily dose divided into 6 daily doses. This
dosing pattern resembles the frequency of feeding for breastfed
babies. Dosing was repeated for 7 14 consecutive days; 20 trials
of 20 (50% women) neonates at birth, either 28, 32, or 38 GWs
(three scenarios). A single intravenous loading dose as described
in Trial design N9 was used here as well to give an initial plasma
concentration the same as that observed in the cord plasma
at birth.

Trial design N11: Same design as in Trial design N10, but
without any loading dose.

Assessment Criteria
Dependent on data availability, the predicted PK profiles
and/or PK parameters were compared with different sets of
clinical observations available in the literature. The PBPK model
predictions were considered successful and acceptable if the
observed PK profile fell within the 95th and 5th percentile of
predicted data and the predicted PK parameters fell within 0.5-
to 2-fold of the observed data.

RESULTS

Theophylline simulations for the baseline model in non-
pregnant subjects are shown in Figure 2. The PBPK model
predictions agreed with the observed mean profiles in different

studies after intravenous and oral administrations. The predicted
mean concentration profile follows the same shape as the
observed mean concentration profiles and the observed data
fell within the simulated 5th−95th prediction interval. A
comparison of the predicted PK parameters in the non-pregnant
population with those available from the clinical studies is shown
in Table 1.

The PBPK model predictions during the different trimesters
of pregnancy are shown in Figure 3. The predicted data agree
with the observed data within the pre-defined success criteria.
Limited observed data were available for theophylline exposure
during delivery. However, the predicted plasma and umbilical
cord concentrations of theophylline during labor agreed with
the reported observed concentrations (Figure 3). The model
predicted a mean cord-to-plasma AUC ratio of 1 ± 0.1 (range:
0.8–1.3) at a steady state. A comparison of the predicted PK
parameters during pregnancy with those available from clinical
studies is presented in Table 1.

Predicted postpartum theophylline concentrations in the
maternal plasma were in good agreement with observations
(Figure 4). Lactation empirical methods predicted different
mean M/P ratios (0.49 for Model I and 0.87 for Model II;
see Supplementary Figure 3), hence the mean value (0.68 ±

0.05) of these predicted ratios was used, which resulted in
better. agreement with observations (Figure 4). For a preterm
infant of 2 kg consuming 150ml of milk/day, the lactation
model predicted a relative infant daily dose (RID) of 12 ±

5% (5th−95th percentiles: 5–20) using milk Cavg,ss, increasing
to a RID of 17 ± 6% (5th−9th percentiles: 9–26) using milk
Cmax,ss. These RID values correspond to absolute values of 0.94
± 0.4 (5th−95th percentiles: 0.4–1.61) mg/kg/day, and 1.4 ±

0.5 (5th−95th percentiles: 0.74–2.1) mg/kg/day for Cavg,ss and
Cmax,ss doses, respectively.

The preterm PBPK model replicated the observed exposure
of theophylline and its metabolite caffeine after i.v. and
oral doses (Figure 5). Figure 6 shows the simulation results
for systemic theophylline (and formed caffeine) exposure in
neonates (of different gestational weeks) compared to the
suggested theophylline therapeutic window for apnea (60). The
doses in milk were divided equally into 6 daily oral doses to
resemble a 4-h frequency pattern of breastfeeding after birth,
i.e., Cavg,ss dose was 0.157 mg/kg/4 h and Cmax,ss dose was 0.233
mg/kg/4 h. The concentration in the cord at birth was included
as a baseline exposure to mimic the real clinical situation.
Simulations were performed for a duration of 2 weeks. Within
the PBPK model, the total doses and physiological parameters
(including changes in body weight) were continually updated to
account for neonatal growth and development over the 14-day
simulation period. Predicted systemic exposure in neonates at
birth with either 28, 32, or 38 GWs is shown in Figure 6.

In a preterm population of 32 GW at birth the predicted
mean concentration of theophylline decreased from 7.7 (6–9.3)
to 2.3 (1–4.3) mg/L [mean (5th−95th percentiles)] between day
1 and day 14 in subjects receiving the repeated Cavg,ss dose. At
the higher Cmax,ss dose the concentration of theophylline was
simulated to decrease from 8.1 (6.3–9.8) to 3.4 (1.5–6.4) mg/L
between day 1 and day 14.

Frontiers in Pediatrics | www.frontiersin.org 6 May 2022 | Volume 10 | Article 840710

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


Abduljalil et al. Perinatal PBPK Model for Theophylline

FIGURE 2 | Plasma concentration profiles after intravenous infusion and oral administration in the non-pregnant population. Solid lines, predicted means; Dashed

lines, 5th and 95th centiles; Circles, observed means. (A) Trial design NP1 (24), (B) Trial design NP2 (19), (C) Trial design NP3 (29), (D) Trial design NP4 (30), (E) Trial

design NP5 (31), (F) Trial design NP6 (32), (G) Trial design NP7 (33), (H) Trial design NP8 (19), and (I1–I4) Trial design NP9 (34). See the Method section for trial

settings.

DISCUSSION

This work presented in this manuscript describes the use of a
PBPK framework approach to describe the pharmacokinetics of
a model drug (theophylline) during the perinatal period. Drug
concentrations were predicted in the mother, the unborn fetus,
and the neonatal subject post-delivery (Figure 1). Theophylline
was chosen as amodel drug based on the amount of data available
for verification of model predictions and because it is often used
to treat neonatal apnea.

The perinatal PBPK model presented here adequately
predicted the observed exposure and kinetics of theophylline
in non-pregnant, pregnant, lactating, and preterm populations.
This type of simulation approach using a PBPK model
allows drug concentrations to be predicted in populations of
individuals that are otherwise difficult to study and also offers
the possibility of supplementing sparse samples obtained in
vulnerable populations with additional information, facilitating
the design of future studies and also developing or refining
hypotheses for future testing.

The PBPK model predictions for theophylline PK in the non-
pregnant population after oral and intravenous administrations
were in good agreement with observed values in different
studies of variable dosing levels (Figure 2 and Table 1). All
PK parameters were within 2-fold of the observed values and

predicted 5th and 95th percentiles for the systemic exposure in
plasma including the observed concentration vs. time profiles.
The predicted bioavailability in the model was 0.96± 0.03, which
is in agreement with the observed value of 0.99± 0.02 (19).

The reduction of CYP1A2 activity that occurs during
pregnancy (3, 61) together with the increase in renal function
and CYP2E1 activity considered within the pregnancy PBPK
model adequately described the changes in theophylline
pharmacokinetics during the whole gestational period (Figure 3).
The CYP2E1 activity was calculated to increase by 1.8-fold
at term compared to the pre-pregnancy values. The values
calculated in this study are in agreement with the observed 1.87-
fold (62) and 1.79-fold (63) increase in acetaminophen clearance
to its glutathione-derived conjugate in pregnant women at
term. Acetaminophen glutathione conjugate formation has been
proposed as a marker metabolic pathway for CYP2E1 activity.

The progression of gestation dynamically changes the
contribution of the different elimination pathways to the overall
clearance of theophylline (see Supplementary Figure 2). The
pregnancy PBPK model predicted an overall 40% reduction in
theophylline clearance at term from the non-pregnant clearance,
which agrees with clinical data (Table 1). A potential weakness
of the developed PBPK model is that no physiological changes
to intestinal physiology during pregnancy were considered,
however as there was good agreement between the predicted
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TABLE 1 | Predicted vs. observed theophylline pharmacokinetics (PK) parameters in pre-pregnant, pregnant, breastfeeding, and neonatal populations.

Population N

(%Female)

Dose CL (L/h)a AUC (mg*h/L) Cmax (mg/L)

Obs PRED Ratio Obs PRED Ratio Obs PRED Ratio

Non-Preg 14 (0%) 4.5 mg/kg–30min INF (24) 2.84 ± 0.62 3.19 ± 1.8 1.12 126 ± 30 144 ± 72 1.14 10.7 ± 1.3 13.5 ± 1.2 1.26

Non-Preg 20

(50%)

7.3 mg/kg–30min INF (19) 2.53 3.02 (0.7–11) 1.19 184 (95–287) 232 (48–716) 1.26 NA 23.3 (18.2–35.4) NA

Non-Preg 9

(100%)

240 mg–45min INF (29) 3.15 2.9 ± 1.6 0.92 76 ± 35 103 ± 48 1.36 10.7 11.3 ± 1.5 1.06

Non-Preg 13 (0%) 151.2 mg–20min INF (30) 2.8 ± 0.9 3.20 ± 1.80 1.14 NA 60 ± 31 NA NA 6.01 ± 0.68 NA

Non-Preg 9

(55.6%)

3.4 mg/kg oral solution (31) 2.96 3.2 ± 1.9 1.10 86.12 97.8 ± 48 1.14 NA 7.62 ± 1.2 NA

Non-Preg 12 (0%) 5 mg/kg—oral solution (32) 3.18 ± 0.75 3.4 ± 2.0 1.06 134 ± 34 155 ± 79 1.15 NA 10.3 ± 1.6 NA

Non-Preg 11 (0%) 5 mg/kg—oral solution (33) 3.2 ± 0.7 3.46 ± 2.1 1.08 140 ± 24 152 ± 79 1.09 10.9 ± 1.1 10.7 ± 1.6 0.98

Non-Preg 10

(50%)

6.7 mg/kg oral tablet (19) 3.05 3.1 ± 1.8 1.02 173 (88–283) 231 (54–738) 1.34 15.3 (13–20) 17.2 (11–23.4) 1.12

Non-Preg 8 (50%) 125mg oral tablet (34) 2.7 (1.6–3.8) 3.3 (0.80–10.8) 1.22 52 (31–94) 48.8 (12.0–157) 0.94 4.1 (3.0–6.7) 3.86 (2.3–6.7) 0.94

Non-Preg 8 (50%) 250mg oral tablet (34) 2.54 (1.74–2.98) 3.3 (0.80–11) 1.3 106 (69–172) 99 (23–316) 0.93 8.0 (5.0–12.1) 7.74 (4.5–13.34) 0.97

Non-Preg 8 (50%) 375mg oral tablet (34) 2.6 (1.8–4.0) 3.3 (0.80–10.6) 1.27 161 (75–272) 150 (35–479) 0.93 10.5 (6.7–15.0) 11.7 (6.81–20.1) 1.11

Non-Preg 8 (50%) 500mg oral tablet (34) 2.54 (1.61–3.16) 3.2 (0.78–10.5) 1.26 210 (136–373) 202 (48–643) 0.96 15.1 (10.7–20.5) 15.6 (9.1–27) 1.03

Preg 13–19 GWs

10 (100%)

259mg oral solution/12 h

(45)

2.61 ± 0.63 2.50 ± 1.3 0.96 99.23 127 ± 57 1.28 NA 14.6 ± 5.0 NA

Preg 23–28 GWs

10 (100%)

259mg oral solution/12 h

(45)

2.85 ± 1.05 2.47 ± 1.3 0.87 90.88 131 ± 58 1.44 NA 14.7 ± 4.8 NA

Preg 34–39 GWs

10 (100%)

259mg oral solution/12 h

(45)

2.1 ± 0.49 2.2 ± 1.0 1.04 123.3 142 ± 59 1.15 NA 15.3 ± 4.7 NA

Lactation 10

(100%)

259mg oral solution/12 h

(45)

2.16 ± 0.81 3.0 ± 1.7 1.39 120 112 ± 55 0.93 NA 13.5 ± 4.7 NA

Lactation 12

(100%)

300mg followed by 200

mg—oral (52)

NA 3.0 ± 1.7 NA NA NA NA NA 10.5 ± 1.8 NA

Preterm* 9 (30%)

GW: 27–31; PNA:

0–1

5.5 mg/kg i.v followed by

1.1 mg/kg/12 h i.v. (28)

14.5#,a 11.2 ± 3.7# (4.91–25.3)** 0.803 NA 118 ± 37 (46–233)** NA NA 10.9 ± 3.3 (5.0−20)** NA

Preterm* 6 (NA)

GW: 27.5; PNA:

0.5–3

4 mg/kg infusion over

20min (57)

17.6** (12.1 – 25.9) 25.9 ± 1.7 (22–31)** 1.47 NA 155 ± 10 (128–184)** NA NA 9.4 ± 0.24 (8.9–10.4)** NA

Preterm* 15 (NA)

GW: 25–34; PNA:

1–2

(NA) (59) 15.4 ± 6.8#,a (3.3–31.4) 12.5 ± 4.7#,a (5.0–34) 0.81 NA 99 ± 35 (32–232)** NA NA 9.3 ± 2.9 (3.7–20)** NA

Preterm* 11 (50%)

GW = 32–36;

PNA: 0.7–4

5.6 mg/kg /8 h oral Solution

(58)

28.3 ± 6.4a (20.1–40.1) 25.9 ± 17.2a (6.9–123) 0.92 NA 100 ± 37 (25–235)** NA 7 (6.4–8) 6.8 (2.8–9.0) 0.90

*Preterm: GW, gestational age in weeks; PNA, postnatal age in weeks, apreterm clearance unit is mL/h/kg, #blood clearance, ** range, NA, not mentioned. For preterm simulations, 50% of simulated subjects were female. For preterm

AUC was calculated as the last AUCtau.
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Abduljalil et al. Perinatal PBPK Model for Theophylline

FIGURE 3 | Plasma concentration profiles after multiple oral administration in pregnant population during pregnancy and at delivery. Solid lines, predicted means;

Dashed lines, 5th and 95th centiles; Circles, individual observations (open, maternal; filled, umbilical cord). Plots representing the following trials: (A) Trial design P1

(45), (B) Trial design P2 (45), (C) Trial design P3 (45), (L1) Trial design L1 (45) added here for comparison (see lactation section), (D1,D2) Trial design P4 (46), (E1–E3)

Trial design P5 (47), and (F1–F3) Trial design P6 (48). See the Method section for trial settings.
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FIGURE 4 | Theophylline concentration profiles in maternal plasma (left) and the milk (right). Milk exposure was predicted using the average predicted M/P ratio from

both lactation models (see Method section). Solid lines, predicted means; Dashed lines, 5th and 95th centiles; Circles, individual observations (open, maternal; filled,

milk). (A1,A2) Trial design L1 (45), (B1,B2) Trial design L2 (51), and (C1,C2) Trial design L3 (52). See the Method section for trial settings.

and observed theophylline concentrations at different gestational
weeks Any pregnancy-related changes in intestinal physiology or
enzyme levels appear to have minimal impact on theophylline
pharmacokinetics. This can be partially explained by the minimal
gut metabolism, Fg ∼1, and almost complete bioavailability,
F∼1.0, observed in non-pregnant subjects (19).

Figure 3 shows that the incorporation of the theophylline
transplacental clearance from an ex vivo experiment resulted in
the adequate prediction of the theophylline umbilical cord level

when compared to the observed values. The theophylline PBPK
model predicted cord/maternal ratio based on AUC at steady-
state is 1.0 (5th−95th percentiles: 0.86–1.2) and ranges from
0.8–1.3 in different virtual individuals. This is in line with the
clinically reported ratio of unity from sparse data observed in
2 (64), 6 (65), 10 (47), and 12 (46) subjects at delivery. Because
of the high transplacental passage of theophylline, toxicity in
neonates at birth has been reported after multiple doses to the
mother before delivery (66, 67).
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FIGURE 5 | Theophylline (and formed caffeine) concentration profiles in neonates after intravenous (A–C) and oral (D–H) administration of theophylline. Solid lines,

predicted means; Dashed lines, 5th and 95th centiles; closed circles, individual observations; closed circles (D,E), mean; dashes associated with observations in (D)

represent reported ranges, and bars [(E); till 12 h] represent SD. (A1,A2) Trial design N1 (28), (B) Trial design N2 (48), (C) Trial design N3 (57), (D) Trial design N4 (55),

(E) Trial design N5 (58), (F1,F2) Trial design N6 (58) subject-Sch, (G1,G2) Trial design N6 (58) subject-C, and (H1,H2) Trial design N7 (27). See the Method section for

trial settings.
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FIGURE 6 | Predicted mean (5th−95th percentiles) neonatal theophylline (and formed caffeine) concentration during the first 2 weeks of life with different gestational

weeks. Predicted scenarios: The first three plots show, respectively, theophylline exposure in neonates at birth using a dosage of 30-min infusion of 5 mg/kg as a

loading dose followed by 1 h-infusion of 1.1 mg/kg/12 h in 28 (A), 32 (B), and 38 (C) GWs according to a clinical study (28). Exposure after oral administration of the

calculated theophylline infant dose using milk Cavg,ss are shown for 28 (D), 32 (E), and 38 (F) GW considering the cord level at birth as a baseline. Exposure after oral

administration of the calculated theophylline infant dose using milk Cmax,ss are shown for 28 (G), 32 (H), and 38 (I) GW considering the cord level at birth as a baseline.

(Continued)
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FIGURE 6 | Exposure after oral administration of the calculated theophylline infant dose using milk Cmax,ss are shown for 28 (J), 32 (K), and 38 (L) GW without

considering the cord level at birth as a baseline. (A–D) Trial design N8, (D–F) Trial design N9, (G–I) Trial design N10, and plo (J–L) Trial design N11. See the Method

section for trial settings. Dashed horizontal lines represent the theophylline therapeutic window for apnea. InfDs, infant dose predicted using the lactation model; GWs,

gestational weeks; PNA, postnatal age. The lowest profiles in each plot represent the mean (5th−95th percentiles) for the formed caffeine.

Lactating mothers sometimes need to take medication whilst
breastfeeding and are therefore confronted with a difficult choice
to either discontinue breastfeeding or stop their medication to
avoid potentially harmful effects on their breastfed children.
The lack, or even the poor quality, of information about drug
safety during lactation can cause confusion, which can result
in the early cessation of breastfeeding (68). Different drugs (or
environmental chemicals) will carry different levels of risks to
the breastfed infant (69). Although these risks should not be
exaggerated, since neonates and infants in most cases receive
a much lower dose in breast milk, compared to the known
safe dose of the same drug administered to them in clinical
pediatric wards (70), there is still a possibility that some drugs
could be harmful to breastfed children or may have not yet
adequately been studied meaning that precautions should be
taken. PBPK modeling offers one potential approach to address
some of these questions. Another important aspect in this
regard is to have quantitative information on drug exposure in
breast milk both to verify the performance of PBPK models
with a wider spectrum of compounds but also to allow the
development of better algorithms with a wider domain of
applicability to predict milk concentrations for drugs where
quantitative measurements are lacking. Together the PBPK
modeling approaches and quantitative information or prediction
of milk concentrations have the potential to reduce the confusion
and anxiety that lactating women may experience when making
decisions about whether or not to take medication during
breastfeeding, especially for those nursing mothers who are on
chronic medication.

The reported theophylline elimination rate constant for the
milk was 0.122± 0.051 h−1, which was not significantly different
from that in plasma 0.123 ± 0.041 h−1 (52) indicating rapid
equilibrium between the two matrices. Two different methods
were used to predict the theophylline M/P ratio. These methods
resulted in different predicted M/P ratios (0.49 for Model I and
0.87 for Model II; see Supplementary Figure 3). As a pragmatic
approach the average M/P ratio of the 2 values, i.e., 0.68 (5%CV)
was used to calculate the dose in the neonatal PBPK simulation.
Studies with a larger set of compounds are needed to determine
which of the methods or whether using an average value from the
twomethods would be themost appropriate approach for a priori
prediction for a drug where the M/P ratio is unknown.

The average value for the M/P ratio used in the simulations
reported here is in line with reported values in the literature
from several different sources. For instance, an observed mean
M/P ratio of 0.79 was reported by Gardner et al. (45), a range
of values 0.6–0.89 was reported by Reinhardt et al. (52), an
observed mean value of 0.67 was reported by Stec et al. (51),
and a value of 0.57 ± 0.14 was reported by Oo et al. (71). The
calculated absolute infant dose based on milk Cmax,ss was 1.4

± 0.5 (5th−95th percentiles: 0.74–2.1) mg/kg/day. This dose is
less than the loading intravenous dose of 5 mg/kg theophylline
(28, 58, 60) and in line with the intravenous maintenance, dose
using a 1-h infusion of 1.1 mg/kg/12 h (28) to treat apnea
of prematurity. The individual maintenance dose is titrated to
individual needs and some neonates may need maintenance
doses as high as 4.4 mg/kg per day (60). Although the calculated
dose frommilk exposure is in line with the maintenance infusion
dose used for apnea treatment, accumulation of theophylline
can occur, especially in premature infants due to the lower
capacity of their CYP1A2 clearance pathway, which can lead to
adverse effects.

The neonatal PBPK model adequately described theophylline
and its formed metabolite, caffeine, exposure after intravenous
infusion, and after oral administration of theophylline (Figure 5).
In contrast to a previously published theophylline PBPK in
preterm neonates (72), the current model applied dynamic
change in growth physiology, and utilized ontogeny functions
to describe the maturation of CYP1A2 and CYP2E1 enzymes.
In addition, the performance of the theophylline PBPK model
in neonatal subjects was verified with multiple clinical studies.
Table 1 shows the predicted clearance in preterm subjects.
The predicted values agreed with the observed values after
intravenous (28, 57) and oral administration of theophylline (58).
The contribution of the different elimination pathways to the
clearance of theophylline at different gestational and postnatal
ages is shown in Supplementary Figure 5.

The higher concentrations of caffeine compared to
theophylline after the cessation of theophylline therapy
were due to the (∼2- to 4-fold) slower elimination and continued
formation of caffeine as theophylline was cleared (27, 58, 73). In
the developed preterm PBPK model there is a futile recycling
process occurring whereby theophylline is methylated to form
caffeine that is subsequently demethylated to theophylline by
CYP1A2 and CYP2E1.

The theophylline plasma levels in neonates (32GW) were
simulated using the PBPK model with the dose based on
the milk Cavg,ss, and Cmax,ss and the assumption that babies
ingest about 150 mL/kg/day and that feeding is split over 6
sessions 4-h apart. Under these assumptions and using a bolus
dose to set the initial concentration in neonatal plasma to
be the same as the concentration in the cord blood at birth
the theophylline concentrations were shown to remain within
the therapeutic range for 2–4 days post-birth. The length of
time the concentration stayed in the therapeutic range varied
with the gestational age due to the elimination mechanisms
of theophylline being immature at birth and varying with the
gestational age of the neonates.

Within the PBPK model for the neonate subjects, the
conversion of theophylline to caffeine was considered. But the
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simulations showed that the caffeine levels predicted in the
neonatal plasma of individuals who ingested theophylline via
the milk were too low to exert a significant pharmacological
effect. At therapeutic doses such as those used to treat apnea in
very premature babies, the caffeine concentrations were at a level
that may contribute to the pharmacological effect of theophylline
(Figure 6A).

The infant’s daily dose based on milk Cmax,ss with an
administered volume of 150mL of milk/day per kg infant
bodyweight being ingested was used as a fairly conservative
scenario in this analysis. In reality, the nursing mother may
not start breastfeeding straight after birth or may not produce
150mL of milk in the first few days post-partum. As the
therapeutic window of theophylline is not well-defined for
premature apnea the recommended range defined by Jones and
Baillie was used for comparison with the simulated data in this
study (60).

The theophylline level in milk or in the neonatal circulation
can also be influenced by other intrinsic or extrinsic factors, such
as co-medication, and/or disease. Thematuration of theophylline
elimination with age showed that the theophylline levels decline
with age more rapidly in older newborns at 38 GWs compared
with those born at 28 GWs (Figure 6).

While this work shows a case study of the application
of the PBPK model during the perinatal period, there are
limitations to the study. No attempt was made to include fetal
metabolism in the maternal-fetal PBPK model due to a lack of
data to parameterize the fetal metabolism model and verify the
performance of the model. The contribution of fetal metabolism
to the overall drug elimination is expected to be small for three
reasons; (1) the transplacental passage of theophylline is high
(cord/maternal ratio is∼1) (2) the metabolism of theophylline in
fetal liver explants (12–20 GWs) was slow ∼1.25 nmol/day (74),
and (3) the reported absence of CYP1A2 protein in the fetal and
neonatal livers (75). Theophylline PK data in the fetoplacental
unit are limited to a few observations during delivery (46–
48). There are limitations with the available data in that the
dosing history prior to the studied doses at a steady state
was not available during pregnancy and lactation. This makes
accurate simulation of the clinical studies more difficult as some
assumptions need to be made, i.e., the studied dosing regimen
at steady-state and formulation was assumed since initiation of
therapy (45, 46). In some studies where different subjects were
studied after receiving a different number of doses and this
information was not available, an average number of doses was
assumed (47). The issue with incomplete dosing information
was also encountered in some of the lactation studies, where
three subjects were studied but only the dose range was reported
(51). In another study, only a single profile from the 12 studied
subjects was reported for the plasma and milk concentration
profiles (52) making a meaningful comparison of the simulated
and observed data difficult. In the lactation studies, information
on milk pH and fat content were not available necessitating
an assumption in the PBPK model that the milk composition
was the same as that of mature milk. The lactation model
used in this work assumes that a rapid equilibrium of drug
concentrations exists between plasma and milk. This assumption

was sufficient to describe theophylline exposure in the milk,
but for other (more lipophilic) drugs the time course of drug
concentrations in plasma and milk may not increase or decrease
in parallel, and in these cases, the milk profiles cannot be
explained with an assumption of rapid equilibration between the
two phases.

The simulations in adult subjects were performed using a
mechanistic absorption model (76). Due to a lack of detailed
intestinal physiology in the preterm neonate, the same approach
could not be used to model the absorption of theophylline in the
neonate subjects. Therefore, a first-order absorption model was
used in the preterm PBPK model. Although verification of the
first-order absorption model in preterm studies was performed it
would be preferable to have used the same absorption model for
all of the different scenarios that were simulated.

The available preterm PK data were reported without the
details of the postnatal and gestational ages for individual
subjects and usually subjects with different gestational ages were
lumped together in the reported data. This makes it difficult
to simulate the studies with matched subjects (in terms of
demographics). While there are multiple unpowered studies that
have attempted to investigate theophylline pharmacokinetics in
preterm individuals, to the best of our knowledge, longitudinal
assessments of drug levels in this population after birth with
or without considering the contribution of ingested drugs in
the milk have not been reported in the literature. A further
complication is that the observed data in the literature are
usually reported from preterm subjects under treatment and
as such the exposure information may also be influenced by
co-morbidity and/or comedication factors. For example, the
theophylline half-life was reported to be 39.4 h in a group of
individuals co-dosed with betamethasone compared to a half-
life of 61 h in the control group in two age-matched preterm
groups of 29.6 gestational weeks and 1–3 days. Even after a few
weeks of treatment, the theophylline half-life remained higher in
the control group compared with the betamethasone treatment
group, 31 vs. 19 h (77).

CONCLUSION

A PBPK approach was adopted to evaluate the pharmacokinetics
of theophylline from the general population and at different
gestational weeks throughout pregnancy as well as in the plasma
and milk of lactating women and in plasma from neonatal
subjects. Utilizing a PBPK approach in special populations
reinforces the utility of PBPK to assess pharmacokinetics in
clinical settings where clinical data are limited and can be used
to improve study design in these vulnerable populations.

RESOURCE IDENTIFICATION INITIATIVE

The Simcyp Simulator V21 (Simcyp, RRID:SCR_003944) was
used for the assessment of theophylline pharmacokinetics using
the PBPK approach.

Frontiers in Pediatrics | www.frontiersin.org 14 May 2022 | Volume 10 | Article 840710

https://scicrunch.org/resolver/RRID:SCR_003944
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Abduljalil et al. Perinatal PBPK Model for Theophylline

DATA AVAILABILITY STATEMENT

The original contributions presented in the study
are included in the article/Supplementary Material,
further inquiries can be directed to the
corresponding author/s.

AUTHOR CONTRIBUTIONS

KA collected the data, analyzed the data, and wrote
the manuscript. IG and MJ reviewed the manuscript.
All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

We thank Eleanor Savill and Anna Kenworthy for their assistance
with collecting the references and preparing the manuscript. The
authors thank Dr. William J. Jusko (State University of New
York, Buffalo) for providing theophylline clinical PK data used
for model verification.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.
2022.840710/full#supplementary-material

REFERENCES

1. Jamei M, Dickinson GL, Rostami-Hodjegan A. A framework for assessing

inter-individual variability in pharmacokinetics using virtual human

populations and integrating general knowledge of physical chemistry,

biology, anatomy, physiology and genetics: a tale of ’bottom-up’ vs ’top-

down’ recognition of covariates. Drug Metab Pharmacokinet. (2009)

24:53–75. doi: 10.2133/dmpk.24.53

2. Tan ML, Zhao P, Zhang L, Ho YF, Varma MVS, Neuhoff S, et al.

Use of physiologically based pharmacokinetic modeling to evaluate the

effect of chronic kidney disease on the disposition of hepatic CYP2C8

and OATP1B drug substrates. Clin Pharmacol Ther. (2019) 105:719–

29. doi: 10.1002/cpt.1205

3. Abduljalil K, Pansari A, Jamei M. Prediction of maternal pharmacokinetics

using physiologically based pharmacokinetic models: assessing the impact of

the longitudinal changes in the activity of CYP1A2, CYP2D6 and CYP3A4

enzymes during pregnancy. J Pharmacokinet Pharmacodyn. (2020) 47:361–

83. doi: 10.1007/s10928-020-09711-2

4. Dallmann A, Himstedt A, Solodenko J, Ince I, Hempel G, Eissing T.

Integration of physiological changes during the postpartum period into

a PBPK framework and prediction of amoxicillin disposition before

and shortly after delivery. J Pharmacokinet Pharmacodyn. (2020) 47:341–

59. doi: 10.1007/s10928-020-09706-z

5. Robson SC, Boys RJ, Hunter S, Dunlop W. Maternal hemodynamics after

normal delivery and delivery complicated by postpartum hemorrhage. Obstet

Gynecol. (1989) 74:234–9.

6. Polepally AR, Pennell PB, Brundage RC, Stowe ZN, Newport DJ, Viguera AC,

et al. Model-based lamotrigine clearance changes during pregnancy: clinical

implication. Ann Clin Transl Neurol. (2014) 1:99–106. doi: 10.1002/acn3.29

7. Anderson PO, Momper JD. Clinical lactation studies and the role of

pharmacokinetic modeling and simulation in predicting drug exposures

in breastfed infants. J Pharmacokinet Pharmacodyn. (2020) 47:295–

304. doi: 10.1007/s10928-020-09676-2

8. Abduljalil K, Pansari A, Ning J, Jamei M. Prediction of drug concentrations

in milk during breastfeeding, integrating predictive algorithms within a

physiologically-based pharmacokinetic model. CPT Pharmacometrics Syst

Pharmacol. (2021) 10:878–89. doi: 10.1002/psp4.12662

9. Salem F, Johnson TN, Abduljalil K, Tucker GT, Rostami-Hodjegan A. A

re-evaluation and validation of ontogeny functions for cytochrome P450

1A2 and 3A4 based on in vivo data. Clin Pharmacokinet. (2014) 53:625–

36. doi: 10.1007/s40262-014-0140-7

10. Allegaert K, Simons SHP, Tibboel D, Krekels EH, Knibbe CA, van

den Anker JN. Non-maturational covariates for dynamic systems

pharmacology models in neonates, infants, and children: filling the

gaps beyond developmental pharmacology. Eur J Pharm Sci. (2017)

109S:S27–31. doi: 10.1016/j.ejps.2017.05.023

11. Johnson TN, Bonner JJ, Tucker GT, Turner DB, Jamei M. Development

and applications of a physiologically-based model of paediatric oral drug

absorption. Eur J Pharm Sci. (2018) 115:57–67. doi: 10.1016/j.ejps.2018.01.009

12. Abduljalil K, Badhan RKS. Drug dosing during pregnancy-opportunities

for physiologically based pharmacokinetic models. J Pharmacokinet

Pharmacodyn. (2020) 47:319–40. doi: 10.1007/s10928-020-09698-w

13. Vinks AA, Barrett JS. Model-informed pediatric drug development:

application of pharmacometrics to define the right dose for children. J Clin

Pharmacol. (2021) 61(Suppl. 1):S52–9. doi: 10.1002/jcph.1841

14. Atkinson HC, Begg EJ. Prediction of drug distribution into human milk

from physicochemical characteristics. Clin Pharmacokinet. (1990) 18:151–

67. doi: 10.2165/00003088-199018020-00005

15. El-Khateeb E, Burkhill S, Murby S, Amirat H, Rostami-Hodjegan A, Ahmad

A. Physiological-based pharmacokinetic modeling trends in pharmaceutical

drug development over the last 20-years; in-depth analysis of applications,

organizations, and platforms. Biopharm Drug Dispos. (2021) 42:107–

17. doi: 10.1002/bdd.2257

16. Barrett JS, Della Casa Alberighi O, Laer S, Meibohm B. Physiologically based

pharmacokinetic (PBPK) modeling in children. Clin Pharmacol Ther. (2012)

92:40–9. doi: 10.1038/clpt.2012.64

17. Abduljalil K, Pan X, Pansari A, Jamei M, Johnson TN. A preterm

physiologically based pharmacokinetic model. Part I: physiological

parameters and model building. Clin Pharmacokinet. (2020)

59:485–500. doi: 10.1007/s40262-019-00825-6

18. Pade D, Jamei M, Rostami-Hodjegan A, Turner DB. Application of the

MechPeff model to predict passive effective intestinal permeability in the

different regions of the rodent small intestine and colon. Biopharm Drug

Dispos. (2017) 38:94–114. doi: 10.1002/bdd.2072

19. Hendeles L, Weinberger M, Bighley L. Absolute bioavailability of oral

theophylline. Am J Hosp Pharm. (1977) 34:525–7. doi: 10.1093/ajhp/34.5.525

20. Chirumamilla SK, Banala VT, Jamei M, Turner DB. Mechanistic

PBPK modelling to predict the advantage of the salt form of a

drug when dosed with acid reducing agents. Pharmaceutics. (2021)

13:1169. doi: 10.3390/pharmaceutics13081169

21. PubChem Theophylline. PubChem. Available online at: https://pubchem.ncbi.

nlm.nih.gov/compound/Theophylline (accessed December 7, 2021).

22. Jain N, Yalkowsky SH. Estimation of the aqueous solubility I: application to

organic nonelectrolytes. J Pharm Sci. (2001) 90:234–52. doi: 10.1002/1520-

6017(200102)90:2andlt;234::AID-JPS14andgt;3.0.CO;2-V

23. Rodgers T, Rowland M. Physiologically based pharmacokinetic modelling

2: predicting the tissue distribution of acids, very weak bases, neutrals and

zwitterions. J Pharm Sci. (2006) 95:1238–57. doi: 10.1002/jps.20502

24. Gisclon LG, Curtin CR, Fowler CL, Williams RR, Hafkin B, Natarajan J.

Absence of a pharmacokinetic interaction between intravenous theophylline

and orally administered levofloxacin. J Clin Pharmacol. (1997) 37:744–

50. doi: 10.1002/j.1552-4604.1997.tb04362.x

25. Ha HR, Chen J, Freiburghaus AU, Follath F. Metabolism of theophylline

by cDNA-expressed human cytochromes P-450. Br J Clin Pharmacol. (1995)

39:321–6. doi: 10.1111/j.1365-2125.1995.tb04455.x

26. Zhang ZY, Kaminsky LS. Characterization of human cytochromes P450

involved in theophylline 8-hydroxylation. Biochem Pharmacol. (1995) 50:205–

11. doi: 10.1016/0006-2952(95)00120-O

Frontiers in Pediatrics | www.frontiersin.org 15 May 2022 | Volume 10 | Article 840710

https://www.frontiersin.org/articles/10.3389/fped.2022.840710/full#supplementary-material
https://doi.org/10.2133/dmpk.24.53
https://doi.org/10.1002/cpt.1205
https://doi.org/10.1007/s10928-020-09711-2
https://doi.org/10.1007/s10928-020-09706-z
https://doi.org/10.1002/acn3.29
https://doi.org/10.1007/s10928-020-09676-2
https://doi.org/10.1002/psp4.12662
https://doi.org/10.1007/s40262-014-0140-7
https://doi.org/10.1016/j.ejps.2017.05.023
https://doi.org/10.1016/j.ejps.2018.01.009
https://doi.org/10.1007/s10928-020-09698-w
https://doi.org/10.1002/jcph.1841
https://doi.org/10.2165/00003088-199018020-00005
https://doi.org/10.1002/bdd.2257
https://doi.org/10.1038/clpt.2012.64
https://doi.org/10.1007/s40262-019-00825-6
https://doi.org/10.1002/bdd.2072
https://doi.org/10.1093/ajhp/34.5.525
https://doi.org/10.3390/pharmaceutics13081169
https://pubchem.ncbi.nlm.nih.gov/compound/Theophylline
https://pubchem.ncbi.nlm.nih.gov/compound/Theophylline
https://doi.org/10.1002/1520-6017(200102)90:2andlt;234::AID-JPS14andgt;3.0.CO;2-V
https://doi.org/10.1002/jps.20502
https://doi.org/10.1002/j.1552-4604.1997.tb04362.x
https://doi.org/10.1111/j.1365-2125.1995.tb04455.x
https://doi.org/10.1016/0006-2952(95)00120-O
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Abduljalil et al. Perinatal PBPK Model for Theophylline

27. Bory C, Baltassat P, Porthault M, Bethenod M, Frederich A, Aranda JV.

Metabolism of theophylline to caffeine in premature newborn infants. J

Pediatr. (1979) 94:988–93. doi: 10.1016/S0022-3476(79)80246-2

28. Bonati M, Latini R, Marra G, Assael BM, Parini R. Theophylline metabolism

during the first month of life and development. Pediatr Res. (1981) 15(Pt.

1):304–8. doi: 10.1203/00006450-198104000-00003

29. Bruguerolle B, Toumi M, Faraj F, Vervloet D, Razzouk H. Influence of the

menstrual cycle on theophylline pharmacokinetics in asthmatics. Eur J Clin

Pharmacol. (1990) 39:59–61. doi: 10.1007/BF02657059

30. Samigun, M.ulyono, Santoso B. Lowering of theophylline clearance by

isoniazid in slow and rapid acetylators. Br J Clin Pharmacol. (1990) 29:570–

3. doi: 10.1111/j.1365-2125.1990.tb03681.x

31. Batty KT, Davis TM, Ilett KF, Dusci LJ, Langton SR. The effect of ciprofloxacin

on theophylline pharmacokinetics in healthy subjects. Br J Clin Pharmacol.

(1995) 39:305–11. doi: 10.1111/j.1365-2125.1995.tb04453.x

32. Sirmans SM, Pieper JA, Lalonde RL, Smith DG, Self TH. Effect of calcium

channel blockers on theophylline disposition. Clin Pharmacol Ther. (1988)

44:29–34. doi: 10.1038/clpt.1988.108

33. Gillum JG, Sesler JM, Bruzzese VL, Israel DS, Polk RE. Induction of

theophylline clearance by rifampin and rifabutin in healthy male volunteers.

Antimicrob Agents Chemother. (1996) 40:1866–9. doi: 10.1128/AAC.40.8.1866

34. Rovei V, Chanoine F, Strolin Benedetti M. Pharmacokinetics of

theophylline: a dose-range study. Br J Clin Pharmacol. (1982)

14:769–78. doi: 10.1111/j.1365-2125.1982.tb02035.x

35. Abduljalil K, Furness P, Johnson TN, Rostami-Hodjegan A, Soltani H.

Anatomical, physiological and metabolic changes with gestational age during

normal pregnancy: a database for parameters required in physiologically

based pharmacokinetic modelling. Clin Pharmacokinet. (2012) 51:365–

96. doi: 10.2165/11597440-000000000-00000

36. Zhang Z, Unadkat JD. Development of a novel maternal-fetal

physiologically based pharmacokinetic model II: verification of the model

for passive placental permeability drugs. Drug Metab Dispos. (2017)

45:939–46. doi: 10.1124/dmd.116.073957

37. Abduljalil K, Johnson TN, Rostami-Hodjegan A. Fetal physiologically-

based pharmacokinetic models: systems information on fetal

biometry and gross composition. Clin Pharmacokinet. (2018)

57:1149–71. doi: 10.1007/s40262-017-0618-1

38. Abduljalil K, Jamei M, Johnson TN. Fetal physiologically based

pharmacokinetic models: systems information on the growth

and composition of fetal organs. Clin Pharmacokinet. (2019)

58:235–62. doi: 10.1007/s40262-018-0685-y

39. Abduljalil K, Jamei M, Johnson TN. Fetal physiologically based

pharmacokinetic models: systems information on fetal blood

components and binding proteins. Clin Pharmacokinet. (2020)

59:629–42. doi: 10.1007/s40262-019-00836-3

40. Abduljalil K, Pan X, Clayton R, Johnson TN, Jamei M. Fetal physiologically

based pharmacokinetic models: systems information on fetal cardiac

output and its distribution to different organs during development. Clin

Pharmacokinet. (2021) 60:741–57. doi: 10.1007/s40262-020-00973-0

41. Abduljalil K, Pansari A, Ning J, Jamei M. Prediction of maternal and fetal

acyclovir, emtricitabine, lamivudine, and metformin concentrations during

pregnancy using a physiologically based pharmacokinetic modeling approach.

Clin Pharmacokinet. (2022) doi: 10.1007/s40262-021-01103-0

42. Omarini D, Barzago MM, Bortolotti A, Lucchini G, Stellari F, Efrati S, et

al. Placental transfer of theophylline in an in vitro closed perfusion system

of human placenta isolated lobule. Eur J Drug Metab Pharmacokinet. (1993)

18:369–74. doi: 10.1007/BF03190187

43. Ezuruike U, Blenkinsop A, Pansari A, Abduljalil K. Quantification of fetal

renal function using fetal urine production rate and its reflection on the

amniotic and fetal creatinine levels during pregnancy. Front Pediatr. (2022)

10:841495. doi: 10.3389/fped.2022.841495

44. Rhodin MM, Anderson BJ, Peters AM, Coulthard MG, Wilkins B, Cole

M, et al. Human renal function maturation: a quantitative description

using weight and postmenstrual age. Pediatr Nephrol. (2009) 24:67–

76. doi: 10.1007/s00467-008-0997-5

45. Gardner MJ, Schatz M, Cousins L, Zeiger R, Middleton E, Jusko WJ.

Longitudinal effects of pregnancy on the pharmacokinetics of theophylline.

Eur J Clin Pharmacol. (1987) 32:289–95. doi: 10.1007/BF00607577

46. Labovitz E, Spector S. Placental theophylline transfer in pregnant asthmatics.

JAMA. (1982) 247:786–8. doi: 10.1001/jama.1982.03320310034024

47. Ron M, Hochner-Celnikier D, Menczel J, Palti Z, Kidroni G. Maternal-

fetal transfer of aminophylline. Acta Obstet Gynecol Scand. (1984) 63:217–

8. doi: 10.3109/00016348409155499

48. Brazier JL, Salle B. Conversion of theophylline to caffeine by the human fetus.

Semin Perinatol. (1981) 5:315–20.

49. Fleishaker JC, Desai N, McNamara PJ. Factors affecting the milk-to-plasma

drug concentration ratio in lactating women: physical interactions with

protein and fat. J Pharm Sci. (1987) 76:189–93. doi: 10.1002/jps.2600760302

50. Atkinson HC, Begg EJ, Darlow BA. Drugs in human milk.

Clinical pharmacokinetic considerations. Clin Pharmacokinet. (1988)

14:217–40. doi: 10.2165/00003088-198814040-00003

51. Stec GP, Greenberger P, Ruo TI, Henthorn T, Morita Y, Atkinson J Jr., et al.

Kinetics of theophylline transfer to breast milk. Clin Pharmacol Ther. (1980)

28:404–8. doi: 10.1038/clpt.1980.180

52. Reinhardt D, Richter O, Brandenburg G. [Pharmacokinetics of drugs from the

breast-feeding mother passing into the body of the infant, using theophylline

as an example].Monatsschr Kinderheilkd. (1983) 131:66–70.

53. Abduljalil K, Pan X, Pansari A, Jamei M, Johnson TN. Preterm physiologically

based pharmacokinetic model. Part II: applications of the model to predict

drug pharmacokinetics in the preterm population.Clin Pharmacokinet. (2020)

59:501–18. doi: 10.1007/s40262-019-00827-4

54. Tateishi T, Nakura H, Asoh M, Watanabe M, Tanaka M, Kumai

T, et al. A comparison of hepatic cytochrome P450 protein

expression between infancy and postinfancy. Life Sci. (1997)

61:2567–74. doi: 10.1016/S0024-3205(97)01011-4

55. Elias-Jones AC, Dhillon S, Greenough A. The efficacy of oral

theophylline in ventilated premature infants. Early Hum Dev. (1985)

12:9–14. doi: 10.1016/0378-3782(85)90131-8

56. Abduljalil K, Jamei M, Rostami-Hodjegan A, Johnson TN. Changes in

individual drug-independent system parameters during virtual paediatric

pharmacokinetic trials: introducing time-varying physiology into a paediatric

PBPK model. AAPS J. (2014) 16:568–76. doi: 10.1208/s12248-014-9592-9

57. Aranda JV, Sitar DS, Parsons WD, Loughnan PM, Neims AH.

Pharmacokinetic aspects of theophylline in premature newborns. N Engl J

Med. (1976) 295:413–16. doi: 10.1056/NEJM197608192950803

58. Riechert M, Lipowsky G, Stockl H, Stiegler H. [Pharmacokinetics of

theophylline and caffeine in premature infants with apnea (author’s transl)].

Monatsschr Kinderheilkd. (1981) 129:697–702.

59. Gal P, Boer HR, Toback J, Wells TJ, Erkan NV. Effect of asphyxia

on theophylline clearance in newborns. South Med J. (1982) 75:836–

8. doi: 10.1097/00007611-198207000-00017

60. Jones RA, Baillie E. Dosage schedule for intravenous aminophylline in apnoea

of prematurity, based on pharmacokinetic studies. Arch Dis Child. (1979)

54:190–3. doi: 10.1136/adc.54.3.190

61. Tracy TS, Venkataramanan R, Glover DD, Caritis SN, National Institute

for Child H, Human Development Network of Maternal-Fetal-Medicine

U. Temporal changes in drug metabolism (CYP1A2, CYP2D6 and

CYP3A Activity) during pregnancy. Am J Obstet Gynecol. (2005) 192:633–

9. doi: 10.1016/j.ajog.2004.08.030

62. Miners JO, Robson RA, Birkett DJ. Paracetamol metabolism in pregnancy. Br

J Clin Pharmacol. (1986) 22:359–62. doi: 10.1111/j.1365-2125.1986.tb02901.x

63. Kulo A, Peeters MY, Allegaert K, Smits A, de Hoon J, Verbesselt R,

et al. Pharmacokinetics of paracetamol and its metabolites in women

at delivery and post-partum. Br J Clin Pharmacol. (2013) 75:850–

60. doi: 10.1111/j.1365-2125.2012.04402.x

64. Arwood LL, Dasta JF, Friedman C. Placental transfer of theophylline:

two case reports. Pediatrics. (1979) 63:844–6. doi: 10.1542/peds.

63.6.844

65. Romero R, Kadar N, Gonzales Govea F, Hobbins JC. Pharmacokinetics of

intravenous theophylline in pregnant patients at term. Am J Perinatol. (1983)

1:31–5. doi: 10.1055/s-2007-1000048

66. Yeh TF, Pildes RS. Transplacental aminophylline toxicity in a neonate. Lancet.

(1977) 1:910. doi: 10.1016/S0140-6736(77)91240-5

67. Agarwal HS, Nanavati RN, Bhagwat MS, Kabra NS, Udani RH.

Transplancental aminophylline toxicity. Indian Pediatr. (1998)

35:467–70.

Frontiers in Pediatrics | www.frontiersin.org 16 May 2022 | Volume 10 | Article 840710

https://doi.org/10.1016/S0022-3476(79)80246-2
https://doi.org/10.1203/00006450-198104000-00003
https://doi.org/10.1007/BF02657059
https://doi.org/10.1111/j.1365-2125.1990.tb03681.x
https://doi.org/10.1111/j.1365-2125.1995.tb04453.x
https://doi.org/10.1038/clpt.1988.108
https://doi.org/10.1128/AAC.40.8.1866
https://doi.org/10.1111/j.1365-2125.1982.tb02035.x
https://doi.org/10.2165/11597440-000000000-00000
https://doi.org/10.1124/dmd.116.073957
https://doi.org/10.1007/s40262-017-0618-1
https://doi.org/10.1007/s40262-018-0685-y
https://doi.org/10.1007/s40262-019-00836-3
https://doi.org/10.1007/s40262-020-00973-0
https://doi.org/10.1007/s40262-021-01103-0
https://doi.org/10.1007/BF03190187
https://doi.org/10.3389/fped.2022.841495
https://doi.org/10.1007/s00467-008-0997-5
https://doi.org/10.1007/BF00607577
https://doi.org/10.1001/jama.1982.03320310034024
https://doi.org/10.3109/00016348409155499
https://doi.org/10.1002/jps.2600760302
https://doi.org/10.2165/00003088-198814040-00003
https://doi.org/10.1038/clpt.1980.180
https://doi.org/10.1007/s40262-019-00827-4
https://doi.org/10.1016/S0024-3205(97)01011-4
https://doi.org/10.1016/0378-3782(85)90131-8
https://doi.org/10.1208/s12248-014-9592-9
https://doi.org/10.1056/NEJM197608192950803
https://doi.org/10.1097/00007611-198207000-00017
https://doi.org/10.1136/adc.54.3.190
https://doi.org/10.1016/j.ajog.2004.08.030
https://doi.org/10.1111/j.1365-2125.1986.tb02901.x
https://doi.org/10.1111/j.1365-2125.2012.04402.x
https://doi.org/10.1542/peds.63.6.844
https://doi.org/10.1055/s-2007-1000048
https://doi.org/10.1016/S0140-6736(77)91240-5
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Abduljalil et al. Perinatal PBPK Model for Theophylline

68. McClatchey AK, Shield A, Cheong LH, Ferguson SL, Cooper

GM, Kyle GJ. Why does the need for medication become a

barrier to breastfeeding? A narrative review. Women Birth. (2018)

31:362–6. doi: 10.1016/j.wombi.2017.12.004

69. Beauchamp GA, Hendrickson RG, Horowitz BZ, Spyker DA. Exposures

through breast milk: an analysis of exposure and information calls

to U.S. Poison Centers, 2001-2017. Breastfeed Med. (2019) 14:508–

12. doi: 10.1089/bfm.2019.0075

70. Anderson PO, Manoguerra AS, Valdes V. A review of adverse reactions

in infants from medications in breastmilk. Clin Pediatr. (2016) 55:236–

44. doi: 10.1177/0009922815594586

71. Oo CY, Burgio DE, Kuhn RC, Desai N, McNamara PJ. Pharmacokinetics

of caffeine and its demethylated metabolites in lactation: predictions

of milk to serum concentration ratios. Pharm Res. (1995) 12:313–

16. doi: 10.1023/A:1016207832591

72. Ginsberg G, Hattis D, Russ A, Sonawane B. Physiologically based

pharmacokinetic (PBPK) modeling of caffeine and theophylline

in neonates and adults: implications for assessing children’s risks

from environmental agents. J Toxicol Environ Health A. (2004)

67:297–329. doi: 10.1080/15287390490273550

73. Aranda JV, Turmen T, Sasyniuk BI. Pharmacokinetics of diuretics and

methylxanthines in the neonate. Eur J Clin Pharmacol. (1980) 18:55–

63. doi: 10.1007/BF00561479

74. Aranda JV, Louridas AT, Vitullo BB, ThomP, Aldridge A,Haber R.Metabolism

of theophylline to caffeine in human fetal liver. Science. (1979) 206:1319–

21. doi: 10.1126/science.515734

75. Sonnier M, Cresteil T. Delayed ontogenesis of CYP1A2 in the human liver.

Eur J Biochem. (1998) 251:893–8. doi: 10.1046/j.1432-1327.1998.2510893.x

76. Jamei M, Turner D, Yang J, Neuhoff S, Polak S, Rostami-Hodjegan A, et al.

Population-based mechanistic prediction of oral drug absorption. AAPS J.

(2009) 11:225–37. doi: 10.1208/s12248-009-9099-y

77. Baird-Lambert J, Doyle PE, Thomas D, Jager-Roman E, Cvejic M, Buchanan

N. Theophylline metabolism in preterm neonates during the first weeks of life.

Dev Pharmacol Ther. (1984) 7:239–44. doi: 10.1159/000457170

Conflict of Interest: KA, IG, and MJ are paid employees of Certara UK Limited

(Simcyp Division) and may hold shares in Certara.

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 © 2022 Abduljalil, Gardner and Jamei. 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 17 May 2022 | Volume 10 | Article 840710

https://doi.org/10.1016/j.wombi.2017.12.004
https://doi.org/10.1089/bfm.2019.0075
https://doi.org/10.1177/0009922815594586
https://doi.org/10.1023/A:1016207832591
https://doi.org/10.1080/15287390490273550
https://doi.org/10.1007/BF00561479
https://doi.org/10.1126/science.515734
https://doi.org/10.1046/j.1432-1327.1998.2510893.x
https://doi.org/10.1208/s12248-009-9099-y
https://doi.org/10.1159/000457170
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

	Application of a Physiologically Based Pharmacokinetic Approach to Predict Theophylline Pharmacokinetics Using Virtual Non-Pregnant, Pregnant, Fetal, Breast-Feeding, and Neonatal Populations
	Introduction
	Materials and Methods
	Workflow
	Model Building
	Theophylline PK in Non-Pregnant Population
	Theophylline PK During Pregnancy
	Theophylline PK During Lactation
	Theophylline PK in Neonates
	Assessment Criteria

	Results
	Discussion
	Conclusion
	Resource Identification Initiative
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


