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PERSPECTIVE

The Future of Physiologically Based Pharmacokinetic
Modeling to Predict Drug Exposure in Pregnant Women

AA Vinks'?

Pregnant women have long been orphaned from drug studies. The application of physiologically based pharmacokinetic
modeling to quantitatively describe drug disposition and effects during pregnancy is an attractive approach that is now actively
pursued as it allows optimal use of available information for both efficient study designs and prediction of maternal-fetal

exposure.
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Pregnant women have long been orphaned from drug stud-
ies, similar to the situation for children before the Best Phar-
maceuticals Act for Children and the Pediatric Research
Equity Act." Yet drugs are being prescribed for pregnancy-
related conditions (gestational diabetes, preeclampsia, pre-
mature labor) as well as part of chronic disease management
(e.g., asthma, depression, diabetes, epilepsy, and hyperten-
sion). For many of these drugs, good dosing guidelines dur-
ing pregnancy are lacking while pharmacokinetics are likely
altered as a result of significant physiological changes such
as increased plasma volume, higher glomerular filtration,
and increased activity of phase | and Il drug metabolizing
enzymes. Following the success of the Pediatric Pharma-
cology Research Units network as an infrastructure for
high quality pediatric labeling and translational studies, the
National Institute of Child Health and Development now sup-
ports an active network of Obstetric-Fetal Pharmacology
Research Units (http://opru.rti.org) to carry out pharmacology
research to enhance understanding of obstetrical pharma-
cokinetics and pharmacodynamics, and improve appropri-
ate therapeutics during pregnancy. Ongoing research within
the Obstetric-Fetal Pharmacology Research Unit network
focuses on systems approaches to understanding pharma-
cokinetics and pharmacodynamics of oral hypoglycemics
for treatment of gestational diabetes, agents thought to alter
uterine activity, and several other drugs used during preg-
nancy (such as antibiotics and antidepressants). The appli-
cation of physiologically based pharmacokinetic modeling to
quantitatively describe drug disposition and effects during
pregnancy is a highly attractive approach that is now actively
pursued as it allows optimal use of available information for
both efficient study designs and prediction of maternal—fetal
exposure. These scientific activities are in line with what has
been advocated by the US Food and Drug Administration’s
(FDA) Critical Path Initiative as the “systems pharmacology”
approach and apply innovative computational techniques to
integrate the effects of pregnancy-induced changes in physi-
ology to describe and predict drug disposition as associated
with response to therapy and adverse events. Physiologically
based pharmacokinetics (PBPK) is a modeling technique
that attempts to mathematically represent an organism, all of

the organism’s components, and time-dependent changes
that are important for describing the absorption, distribu-
tion, metabolism, and excretion of a drug in humans.? The
physiological representation through organ-specific models
has the advantage to incorporate elements that reflect true
clearance mechanisms as well as changes over time. This
can be represented as disease progression or as physiologi-
cal changes such as the one that occur during pregnancy
from prepregnancy, through the continuum of first, sec-
ond, and third trimester and postpartum.® PBPK modeling
is increasingly used in pharmaceutical research and drug
development.24 Earlier this year, the FDA’s Pharmaceuti-
cal Science and Clinical Pharmacology Advisory Commit-
tee voted in support of extending the use PBPK modeling
for pediatric drug development although several members
of the committee emphasized the need for more data and
prospective evaluation and validation of the models with
observed data (http://www.fda.gov). In addition, a recent
FDA guidance on drug—drug interaction studies posted for
comments also includes an in-depth discussion on PBPK.®
Therefore mechanistic PBPK models that use organs and
tissues with physiologic volumes has seen a tremendous
increase in application, initially for environmental toxins and
chemicals but now also for drugs. This is evidenced by more
than 800 PBPK-related publications and over 40 publica-
tions of pregnancy physiologically based pharmacokinetic
models developed for theoretical assessment of the kinetics
of drugs during pregnancy, all trying to take into account rel-
evant dynamic changes of the maternal and embryonic/fetal
physiological functions.®

INCREASING INTEREST IN PBPK—ADVANTAGES OF
BOTTOM-UP OVER TOP-DOWN COMPARTMENTAL
ANALYSIS

Most of the early pharmacokinetic data in pregnant women
have been obtained from small parallel studies. In recent
years, for some drugs, our knowledge base has been supple-
mented with data derived from population pharmacokinetic
analyses. These data, typically collected in the third trimes-
ter have been our primary sources for the identification of
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Figure 1 Simulation of anticipated effects of gestation and trimester
on maternal nifedipine clearance. Clearance is predicted to
gradually increase during the first two trimesters to peak in the 3rd
trimester at two to three times the postpartum clearance estimate.”
Courtesy Samer Mouksassi, Pharsight, Montreal, Canada.

factors that would explain pregnancy-induced changes in
drug disposition. For instance, nifedipine is a calcium chan-
nel blocker and one of the few therapeutic options available
for the treatment of chronic and gestational hypertensive
disorders that are a major complication during pregnancy.
Current recommendations for acute and maintenance doses
of nifedipine are based on expert opinion rather than on
evidence-based data from well-designed pharmacokinetic—
pharmacodynamic studies. Clearance during the 3rd trimes-
ter has been reported to be increased by a factor of 2-3 as
compared with that in patients and healthy subjects.” Figure 1
shows a simulation of anticipated effects of gestation and
trimester on maternal nifedipine clearance. These changes
may markedly alter the pharmacodynamics of nifedipine. In
addition, pharmokinetics/pharmacodynamics changes may
be different in subjects with chronic hypertension or patients
with preeclampsia. A comprehensive evaluation of these
changes is an important first step in optimizing drug therapy
during pregnancy, with special consideration to the disease
state. Of note, nifedipine belongs to the Pregnancy Cate-
gory C drug classification by the US FDA, which implies that
“Animal reproduction studies have shown an adverse effect
on the fetus and there are no adequate and well-controlled
studies in humans, but potential benefits may warrant use of
the drug in pregnant women despite potential risks.” Despite
FDA Category C, nifedipine remains one of most commonly
used drugs in pregnancy. Beside ethical constraints, there
are challenges for performing informative pharmokinetics/
pharmacodynamics studies during pregnancy including
unfriendly designs burdened by intense sampling schedules
and long waiting times (at least one dosing interval) that fur-
ther complicate enrollment. These barriers are somewhat
mitigated by population pharmokinetics/pharmacodynamics
analysis and modeling. Such “top—down” population analy-
sis identifies important covariates or patient characteristics
such as age, body weight, weeks of pregnancy, and organ
function, and their association with pharmacokinetic behav-
ior of the drug. Despite the level of sophistication of some
of the top—down modeling, analysis is based primarily on
pharmacostatistical considerations, and there is an unmet
clinical need to improve our understanding of key sources
of variability in a mechanism-based fashion. Fundamental to
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the PBPK approach is the separation of information on the
system (i.e., human body) from that of the drug (e.g., physi-
cochemical characteristics determining permeability through
membranes, partitioning to tissues, binding to plasma pro-
teins, or affinities toward certain metabolizing enzymes
and transporter proteins) and the study design (e.g., dose,
route and frequency of administration, concomitant drugs,
and food intake). This paradigm or “bottom—-up” approach
includes physiologically based in vitro—in vivo extrapola-
tion and has in recent years gained momentum due to our
increased understanding of the contributing factors (physical
chemistry, systems biology, physiology, and pharmacoge-
netics) and advances in quantitative modeling using mecha-
nistic models.

RECENT ADVANCES

In the September issue of CPT-PSP, two studies described
the applications of physiologically based pharmacokinetic
modeling of CYP3A substrates in pregnant women.®® The
studies are noteworthy as they highlight several important
developments in the analysis of pharmacokinetic data in
pregnant women that will aid in the design of more informa-
tive studies and the development of evidence-based dosing
algorithms. These two research teams developed PBPK mod-
els using distinct approaches to predict the disposition of the
CYPS3A substrates midazolam, nifedipine, and indinavir. The
semimechanistic pregnancy compartment model developed
by Quinney et al. incorporated the intestinal lumen, intestinal
wall, liver, portal circulation, and systemic circulation as ele-
ments to represent the key organs involved in the absorption,
metabolism, and distribution of the investigated drugs mida-
zolam and nifedipine. Physiological changes associated with
pregnancy were modeled through the addition of placental
and fetal compartments with metabolic capability, increased
volume of distribution, decreased plasma protein binding,
and increased CYP3A activity. Physiological compartments,
not considered key determinants of drug clearance, were col-
lapsed into the central and peripheral compartment.

The model used by Ke and colleagues represents a time-
varying full-PBPK model based on the 13-compartment Sim-
cyp model extended with a lumped compartment to represent
placental—fetal organs including the fetus, placenta, and the
amniotic fluid. Systemic clearance was considered to occur
in the maternal liver and kidney, and presystemic metabolism
was considered to occur in both maternal small intestine and
the liver. Both studies used sensitivity analyses to interrogate
known and potential pregnancy-related effects on absorption
and bioavailability, such as hepatic blood flow, protein bind-
ing, CYP3A activity in the gut and liver, and fetal and maternal
drug metabolism on pharmacokinetic parameters to predict
mean area under the curve, peak plasma concentration, and
trough plasma concentration and compare the results with
published data in pregnant and nonpregnant women. Sen-
sitivity analysis is the technique used to quantify the influ-
ences associated with specific input parameters, interactions
between parameters and any nonlinear processes on model
predictions. Of note, both studies conclude that PBPK mod-
eling successfully predicted the disposition of CYP3A sub-
strates midazolam, nifedipine, and indinavir during the third



trimester. In addition, the models indicate that the two- to
threefold increase in clearance can be attributed to increased
CYP3A activity in the liver but not in the gut.

FUTURE DIRECTIONS

Despite the promise of PBPK as a powerful tool, there still
are significant knowledge gaps, and a great amount of work
will need to go into developing fully predictive pregnancy
PBPK models. For now, available models quantitatively may
give us a good starting point as to what to expect in terms
of drug exposure in the mother. Positively, with the increas-
ing efforts including recent systemic overviews of available
data on the pregnancy-induced anatomical, physiological,
and pharmacokinetic changes during pregnancy, this will
definitely contribute to further model optimization. However,
current limitations in PBPK modeling in particular, the need
for prospective validation of PBPK models for their intended
use in pregnancy need to be addressed. Given the limited
pool of experts in PBPK modeling and the lack of formal
comparisons of existing PBPK software, it would be desirable
to develop guidance or best practice documents for PBPK
modeling using existing experience and databases. Another
challenge is the prediction of exposure-based fetal toxicities
and the limitation to discern drug disposition parameters
for the placenta and fetus without directly sampling these
compartments.

Nevertheless, the potential of the PBPK approach is exit-
ing, and to paraphrase Malcolm Rowland, one of the found-
ing fathers: it is here and it can only get better.°
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