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Modeling & Simulation for |
Drug Development & Formulation

A look at how to leverage modeling and simulation technology to enhance all phases of
the drug development process.

odeling and simulation (M&S) has already profoundly
| \ / I impacted drug development and formulation. It is used
in 90% of all U.S. Food and Drug Administration (FDA)
drug approvals. M&S can influence every phase of the drug de-
velopment process, including informing commercial decisions
about the benefits of bringing a specific drug to market. It can be
employed to compare the safety and efficacy of drug candidates;
select dose and dose regimen; and identify potential drug-drug
and drug-food interactions. M&S can be used in lieu of specific
clinical trials, and of importance to those involved in drug for-
mulation, leveraged to demonstrate virtual bioequivalence and
obtain biowaivers.
Formulation science is an iterative process that can benefit
from the ‘predict, learn, confirm and apply” paradigm underpin-
ning M&S. That paradigm can support and strengthen the over-
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all formulation strategy and inform the numerous alternate for-
mulations that will be developed throughout the development
cycle. Formulation selection can profoundly impact drug release,
absorption, and metabolism, altering the drug’s pharmacokinetic
profile and its pharmacodynamic response.

In short, M&S can predict the in vivo performance of drug
products. Therefore, its use can improve formulation strategy by
aiding scientists in designing a rational and cost-effective ap-
proach to formulation development (see Figure ).

WHAT IS MODELING AND SIMULATION?

M&S is an integrative science, which incorporates relation-
ships between disease and biological pathways, drug char-
acteristics, and individual variability, and leverages existing
knowledge to guide future research. M&S is an invaluable
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drug development and formulation tool
whose use is actively encouraged by
global regulators.

An in-vitro in-vivo correlation (IVIVC)
has been defined by the FDA as“a predic-
tive mathematical model describing the
relationship between an in-vitro prop-
erty of a dosage form and an in-vivo re-
sponse.” The U.S. Pharmacopoeia (USP)
defines IVIVC as establishing a rational
relationship between a biological prop-
erty produced by a dosage form, and a
physiochemical property of the same
dosage form.

Developing and optimizing a new drug
formulation may involve changes in the
drug composition, manufacturing process,
use and type of equipment, or batch size.
These changes, which can occur often,
trigger the need to conduct bioavailability
studies to demonstrate ‘equivalence” be-
tween the original accepted formulation
and the new one. IVIVC is a biopharma-
ceutical tool used in drug development
and formulation optimization to demon-
strate that equivalence.

IVIVC: ACCELERATING
FORMULATION DEVELOPMENT

AND SAVING COSTLY STUDIES

IVIVC technology allows formulation and
manufacturing professionals to under-
stand how dissolution parameters affect in
vivo drug performance. Dissolution testing
is required for all solid oral dosage forms
and is used in all phases of development
for product release and stability testing.
This key analytical test can detect physi-
cal changes in an active pharmaceutical
ingredient and in the formulated product.
This information can be determined
quickly, under inexpensive, controlled
lab conditions, to serve as a surrogate
for the in vivo drug behavior rather
than through expensive and time-con-
suming animal or human bioavailability
or bioequivalence (BA or BE) studies.
Each BA/BE study replaced by IVIVC
analysis can shorten the development
cycle by months and save hundreds of
thousands of dollars. At the same time,
IVIVC gives scientists the requisite
knowledge to tweak a drug’s formula-
tion to improve its in vivo performance
with fewer iterations and false starts.
There are many instances during a
drug’s life cycle when its bioequivalence
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Figure 1. The role of IVIVC becomes more evident as an important tool in drug development to enhance product and
process understanding with the ultimate goal of ensuring consistent performance throughout the product’s life cycle.

IVIVC studies are encouraged. — US FDA

may need to be established. Its formula-
tion may have been changed to alter its
release timing, improve its solubility and
absorption, reduce manufacturing costs,
extend its shelf life, prevent adverse events
such as an upset stomach, improve its
taste or smell, or hold the tablet together
better. New formulations may be required
multiple times during a drug’s life cycle
because of changes to the manufactur-
ing supplies, processes, dosage forms, or
other factors. In many of these instances,
IVIVC can be used to gain a biowaiver for
the product.

MODELING AND SIMULATION FOR
IVIVC
There are two main types of M&S for
IVIVC, which when used in a complemen-
tary way are considered ‘best practice’.

Conventional (statistical) IVIVC. This
method uses deconvolution methods
such as Wagner-Nelson, Loo-Riegelman,
numerical deconvolution and modified
deconvolution to estimate the rate of in-
put of a drug into the systemic circulation
of observed plasma drug concentrations
from the oral formulation.

The FDA guidance for, “Extended Re-
lease Oral Dosage Forms: Development,
Evaluation, and Application of In Vitro/In

Vivo Correlations,” mentions four levels of
IVIVC (A, B, C, and D) based on the cor-
relation’s ability to reflect accurately the
complete plasma drug concentration-time
profile resulting from administering the
given dosage form. Level A represents
the highest correlation—a point-to-point
statistical relationship between the in vitro
dissolution rate and in vivo input rate. This
approach is used most often to attain bio-
waivers.

While conventional IVIVC is the gold
standard for drugs displaying a linear re-
lationship between absorption and disso-
lution, today’s more complex drugs need
alternative modeling approaches. FDA
held a workshop in May 2016 where it
brought together experts from industry,
academia and the regulatory agency to
address this need and evaluate mecha-
nistic IVIVC as an evolving technology for
drug formulation. During that workshop,
the FDA shared its current thinking on
mechanism-based absorption M&S and
obtained public input on its future appli-
cation for bioequivalence determination
and other regulatory activities for oral
drug products.

Mechanistic IVIVC (PBPK). This ap-
proach considers separately the vari-
ous mechanisms involved in drug ab-
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Figure 2. The BCS classifies 'drugs in fourrcatégoriéé. These factors will drive the nﬁetﬁodology options, with Class |

being the most straightforward and statistical.

sorption, such as transit time, gut wall
permeability, gut wall metabolism, and
hepatic first-pass metabolism from dis-
solution rate. By integrating the ana-
tomical and physiological parameters
of the gastrointestinal (GI) tract with
the physicochemical properties of drug
substances, mechanistic IVIVC provides
scientists with valuable insights for de-
signing and evaluating the performance
and safety of new drug formulations.
Mechanistic models provide them with
a detailed understanding of the mecha-
nisms involved in absorption and how
critical they are for formulation.

Mechanistic physiologically-based
pharmacokinetic (PBPK) models, such
as the Simcyp Simulator, can be used to
estimate in vivo dissolution rather than
just the systemic input rate, separately ac-
counting for permeation, GI transit and
first-pass elimination. This enables the
IVIVC to be integrated with other model
components to predict in vivo product per-
formance across a specific patient popu-
lation. Information on transporters and
drug metabolic pathways can also be in-
corporated to model in vivo exposure for a
specific body part or the blood.

HOW TO SELECT THE MOST APPRO-
PRIATE IVIVC MODELING METHOD
Oral drugs can be classified according to
the Biopharmaceutics Classification System
(BCS), which is based on the drug’s solu-

bility and permeability. Established in the
1990s and adopted by the FDA in 2000, the
BCS provides a regulatory framework for
new drug formulations that includes set-
ting dissolution specifications, supporting
risk assessment, evaluating post-approval
changes, and approving biowaivers. Addi-
tionally, the BCS provides a framework for
drug development starting with candidate
selection and moving to pre-formulation
evaluation, solid form selection, and for-
mulation strategies.

The body’s ability to absorb oral drug
products varies according to physiological
and physiochemical factors and the dosage
form. The main physiological processes im-
pacting in vivo dissolution and absorption
within the GI tract are secretion, digestion,
and absorption. Underlying those process-
es are factors including pH; fluid, electro-
lyte, peptide, protein and digestive enzyme
levels; surface area; GI motility and transit
time; and bile secretion. The key physio-
chemical properties of drug molecules are
solid particle dissolution, ionization, and
solubility. When evaluating dosage form,
whether it be immediate, modified, extend-
ed or delayed release, the rate and amount
of absorption are influenced by the drug
design and dissolution profile.

The IVIVC method selected depends on
the type of product and the objectives of
the modeling. With numerical approaches,
inter- and intra-subject variability is noise.
Including or excluding statistical covari-
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ates and/or modifying the study design can
minimize that noise. The goal is correlating
the in vivo and in vitro data.

In contrast, when using a mechanistic
approach, separating drug and formulation
parameters from subject physiology vari-
ability allows associated variabilities to be
estimated and projected. This provides an
opportunity for population-level simula-
tion and analysis. It also allows scientists to
extrapolate from one physiological condi-
tion to another, allowing them to answer
‘what if’ questions or virtually assess un-
tested clinical scenarios. Assuming that the
IVIVC remains valid for alternate formu-
lations or with other patient physiologies,
scientists can expand their product under-
standing beyond the limits of the available
IVIVC dataset and migrate into personal-
ized medicine.

Many new drug candidates are poorly
soluble, which can severely limit their
bioavailability. To ameliorate this issue, a
widely used approach is formulating su-
persaturated drug solutions. However, su-
persaturated solutions risk precipitation,
which can limit the intended benefits of
this approach. To address this issue, the
U.S. FDA recently awarded Certara’s Simc-
yp division a grant to develop a mechanis-
tic modeling and simulation framework to
predict the behavior of orally-dosed super-
saturating drugs and drug products (see
Figure 2).

STRATEGIC VALUE OF M&S
IN FORMULATION
The U.S. FDA, European Medicines Agen-
cy (EMA), Japanese Pharmaceuticals and
Medical Devices Agency, and other global
regulatory agencies encourage the use of
IVIVC. They consider it an important drug
development tool, which enhances prod-
uct and process understanding, with the
ultimate goal of ensuring consistent perfor-
mance throughout the product’s life cycle.
FDA recently published a paper, entitled,
“Regulatory Experience with In Vivo In Vi-
tro Correlations in New Drug Applications.”
The authors discussed using IVIVC for pre-
approval (bridging formulations to the piv-
otal BA/BE batch), and post-approval (for-
mulation, manufacturing site, and process)
changes to reduce the need for in vivo bio-
equivalence studies. They also stressed the
value that IVIVC can provide by facilitating
decision making during drug development,
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especially in light of the Quality by Design
(QbD) paradigm. QbD, promoted by FDA
and EMA, is the concept that product and
process performance characteristics are sci-
entifically designed to meet specific objec-
tives, not merely empirically derived from
performance of test batches. IVIVC is lever-
aged for three purposes:

e Regulatory: As a surrogate for in vivo
bioequivalence studies and to support
attaining biowaivers; in lieu of certain in
vivo experiments; to evaluate pre- and
post-approval manufacturing changes;
and to evaluate custom risk factors to
guide post-marketing surveillance.
Drug development: To provide initial
guidance and direction for early for-
mulation development; to inform how
and what is chosen for the in vitro re-
lease testing methods; to help under-
stand PK variability so that scientists
can design better bioequivalent studies
and reduce sample sizes; to extrapo-
late data from healthy volunteers in
BE studies to patients with GI condi-
tions; to prioritize formulation efforts
pertaining to product development,
and oftentimes minimize the number
of pilot studies required; to enhance
drug product understanding during
the development cycle; and to reduce
regulatory uncertainty and gain prod-
uct approval more quickly.
Formulation and manufacturing: To
evaluate potential performance dif-
ferences for modified release for-
mulations; to test the impact of each
component and assure quality control
in formulation and reformulation;
to reduce the number of bioequiva-
lence studies required due to scale-up
and post-marketing changes; and to
bridge formulations to the pivotal BA/
BE batch.

CASE STUDY: IVIVC ON A COMPOUND
WITH RELEASE RATE SPECIFIC BIO-
AVAILABILITY
The challenge was developing an IVIVC
model for a compound and formulation
whose release rate, specific bioavailability,
and non-linear relationships would not
initially seem to support an IVIVC.

The formulation under evaluation was
a capsule containing four different types
of delayed release beads. Each bead was
characterized by a mean dissolution time
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(MDT) and a time lag (Tlag) and each of
the seven formulations under study was
comprised of a different ratio of each bead
type.

The data simulation model contained
elements of stomach emptying, intestinal
and colon transit, first-pass metabolism
in the small intestine and multi-compart-
ment pharmacokinetics. The simulations
were done in three stages: simulating
dissolution profiles, generating subject
PK parameters from a multivariate log-
normal distribution, and simulating indi-
vidual plasma profiles using three kinetic
compartments, two absorption compart-
ments with transit times, and proportional
error on observations.

Using conventional IVIVC meth-
odology with Phoenix IVIVC software,
mean plasma profiles for four formula-
tions—10-20 subjects per formulation—
were deconvolved using the PK param-
eters relating to the intravenous kinetics
of the compound. The generated series of
fraction-absorbed profiles were then over-
laid with the dissolution profiles. Review-
ing this plot suggested that the slower for-
mulations had greater bioavailability than
the fastest release, and the slower the re-
lease, the greater the bioavailability.

This meant that a simple model could
not describe the data well, requiring a cus-
tom model to fit the nonlinearity of the
compound. Since the Levy plot indicated
two time scales, a bi-linear model was
used with an initial lag consistent with a
stomach emptying effect together with
data representing intestinal transit time
switching between phases.

Inferences drawn from data explora-
tion can guide IVIVC development. In this
case, an initial model was proposed after
analyzing two exploratory plots. Model
refinement is motivated by consideration
of physiological mechanisms and leads to
a suitable IVIVC, used for regulatory pur-
poses.

CASE STUDY: IVIVC USING PHYSI-
OLOGICALLY-BASED ABSORPTION
MODELING

This project used mechanistic modeling
to establish IVIVC for a controlled release
formulation of topiramate. Topiramate’s
bioavailability depends on the site of GI
absorption. Specifically, topiramate ex-
hibits higher bioavailability in the colon

compared to the stomach. For example,
a dosage can be designed wherein the
delayed-release component contains less
topiramate than the immediate-release
component but that nonetheless achieves
a blood plasma concentration equivalent
to the immediate-release component. Al-
ternatively, a dosage can be designed so
that the delayed-release component con-
tains an amount of topiramate equal to
that of the immediate-release component
yet would achieve a blood plasma concen-
tration greater than that of the immedi-
ate-release component.

To study this, a PBPK model was built
using the Simcyp Advanced Dissolution
Absorption and Metabolism (ADAM)
model. Four formulations—slow, me-
dium and fast release and oral—and
multiple immediate release doses were
studied, using clinical dataset, formula-
tion and food-drug interaction data. The
PBPK approach improved the predictive
performance of the IVIVC model, pro-
ducing a linear IVIVC.

The discovery of the differential bio-
availability of topiramate allows a more
rational drug design based upon the spe-
cific therapeutic profiles to be achieved.
IVIVC modeling facilitates these alterna-
tive formulations.

CONCLUSION

IVIVC M&S plays a strategic role through-
out the drug development and formula-
tion process. It allows sponsors to replace
expensive, time-consuming BA/BE studies
with more efficient, inexpensive IVIVC
analyses, shaving months and hundreds
of thousands of dollars off development.
It also provides scientists with greater
product insight, allowing them to change
a drug’s formulation to improve both its in
vivo performance and likelihood of regula-
tory success. GP
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