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Abstract Chronic neuropsychiatric disorders and diabetes
mellitus affect millions of patients and require long-term
supervision and expensive medical care. Although repeated
drug administration can help manage these diseases, relapses
and re-hospitalization owing to patient non-adherence and
reduced therapeutic efficacy remain challenging. In response,
long-acting injectables, which provide sustained drug release
over longer periods at concentrations close to therapeutic
ranges, have been proposed. Recent advancements include
polymeric long-acting injectables (pLAls), in which the
active pharmaceutical ingredient (API) is encapsulated
within U.S. Food and Drug Administration (FDA)-approved
biocompatible polymers, such as poly(lactic-co-glycolic
acid), or PLGA. Despite significant progress and develop-
ment in the global pLAI market, FDA guidance for the
approval of complex drug products, such as generic pLAIs, is
not clearly defined. Although in vitro to in vivo correlation
(IVIVC) can facilitate the identification of critical quality
attributes (CQAs), drug formulations, and in vitro test plat-
forms for evaluating drug performance in vivo, the applica-
tion of IVIVC in order to shortlist time- and resource-
intensive clinical trials for generic pLAIs has not been
reported. Here, we propose a new Level A Type IVIVC that
directly correlates the in vitro outcomes, such as drug dis-
solution, of candidate generic formulations with the clinical
characteristics, such as drug absorption, of a reference listed
drug (RLD), to help identify the specific generic pLAI for-
mulations with clinical absorptions that are likely to be
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similar to that of the RLD, thereby reducing the number of
clinical trials required for evaluation of clinical bioequiva-
lence (BE). Therefore, the scope of the proposed method is
intended only for the rational design of clinical trials, i.e., to
shortlist the specific pLAI generic formulations for clinical
BE evaluation, and not necessarily to analyze drug perfor-
mances (i.e., drug safety and effectiveness) in the shortlisted
clinical trials or post-approval. Once validated, this method
will be of great value to developers of generic pLAIs and
regulatory bodies to accelerate their approval of these generic
pLAIs.

Key Points

Polymeric long-acting injectables (pLAIs) play an
important role in the long-term treatment of chronic
conditions, such as neuropsychiatric diseases and
diabetes mellitus. However, the development of
generic pLAIs is challenging due to the complexity
of the generic formulations, the kinetics of drug
release, and the lack of regulatory guidelines for
evaluation and approval.

We propose a new Level A Type in vitro to in vivo
correlation (IVIVC) to help accelerate the
development and approval of generic pLAIs. Whereas
a conventional Level A Type IVIVC compares the
in vitro and in vivo outcomes of the same generic
formulation, our method directly correlates the in vitro
outcomes of candidate generic formulations with the
clinical absorption characteristics of a reference listed
drug, thereby reducing the number of clinical trials
required for the evaluation of clinical bioequivalence.
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1 Introduction

Chronic diseases, such as neuropsychiatric diseases and
diabetes mellitus, affect millions of people and require
long-term supervision and expensive medical care. In the
USA, approximately 2.4 million Americans have
schizophrenia, with men and women affected equally [1].
Recurrent administration of a drug (oral or parenteral) is
required to manage these diseases over a prolonged treat-
ment period. Despite the available treatment options, the
likelihood of relapse remains high, primarily because of
poor patient adherence to oral drug regimens [2]. For
example, approximately two-thirds of patients with
schizophrenia are partially non-adherent, and the discon-
tinuation rate for oral antipsychotics ranges from 26 to
44 % [3, 4]. Therefore, the effective treatment of
schizophrenia with oral antipsychotic medications poses
significant clinical challenges. Consequently, hospital
readmission rates and penalties have increased. For
instance, approximately 2500 hospitals were penalized by
the Centers for Medicare and Medicaid Services in 2015
because an unacceptable number of patients were read-
mitted soon after discharge (based on readmissions
between July 2011 and June 2014) [5].

1.1 Clinical Impact of Long-Acting Injectables

The recurrent administration of oral drugs usually leads to
a ‘peak-and-valley’ pattern in the plasma compartment, in
which the achievable drug concentration either exceeds the
toxic threshold, leading to undesirable adverse effects, or
falls below the therapeutic threshold, sacrificing efficacy
(solid red line in Fig. 1a). An alternative approach to cir-
cumvent this undesirable drug distribution is the use of
long-acting injectables (LAls), which are typically
administered into intramuscular (IM) or subcutaneous (SC)
spaces [6, 7]. A ‘depot’ is formed at the injection site to
allow for the controlled release of the drug over longer
durations, thereby facilitating the maintenance of thera-
peutic concentrations while reducing unintended toxicity
and the required dosage (solid green line in Fig. 1a). The
intrinsic pharmacokinetics (PK) of LAIs have resulted in
improved patient compliance, quality of life, and ease of
application and reduced rates of relapse, re-hospitalization,
and non-adherence.

1.2 Polymeric Long-Acting Injectables
and Drug-Release Kinetics

LAIs were introduced in the 1960s as solutions of simple

ester prodrugs in sesame oil [8]. Recent advances include
the development of pLAls, in which the drug, i.e., the
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active pharmaceutical ingredient (API), is encapsulated
within biocompatible polymeric matrices that undergo
biodegradation over several weeks, resulting in the for-
mation of biodegradable and biocompatible byproducts,
such as lactic and glycolic acids that can be cleared by the
Krebs cycle [9]. Several commercially available, synthetic
and natural polymer materials are available for synthesiz-
ing pLAIs. Poly(lactic-co-glycolic acid) or PLGA is a U.S.
Food and Drug Administration (FDA)-approved polymer
used in many therapeutic devices and medical applications
[9-12]. PLGA is synthesized by the copolymerization of
two different monomers: cyclic dimers (1,4-dioxane-2,5-
diones) of glycolic acid and lactic acid. Other polymer
carriers routinely used for clinical applications include
natural carriers such as polylactic acid, polyglycolic acid,
and polycaprolactone and the synthetic carriers such as
chitosan, alginate, gelatin, starch and dextran. The APIs
used in pLAIs are usually small molecules or peptides that
exert the desired pharmacodynamic (PD) response in the
target area once they are released from the polymeric
matrix. By modifying the formulation, size, shape, and type
of the polymer matrix, the mechanism and kinetics of the
API release can be controlled [13]. Therefore, several
generic pLAI variants with different release kinetics have
been developed by packaging an existing API into poly-
meric formulations. The drug release from polymeric
microspheres primarily depends on the erosion character-
istics of the polymer. For example, the release kinetics of
the API from PLGA primarily rely on bulk erosion and
degradation (Fig. 1b), whereas polymers such as polyan-
hydrides exhibit surface erosion characteristics via
hydrolysis at the polymer-water interface [8, 14].

1.3 Pharmacoeconomics of pLAIs

pLAIs have benefited millions of patients and have found
increased relevance as therapeutics, such as antipsychotics,
fertility treatment, hormone therapy, protein therapy,
antibiotics and antifungals, cancer therapy, treatment dur-
ing orthopedic surgery, and postoperative pain treatment,
chronic pain treatment, vaccination/immunization, and
immunosuppression [15]. The annual worldwide market
for polymer-based controlled-release systems has therefore
increased to US$50 billion in 2014, as illustrated in Fig. 2
[16, 17]. Risperdal Consta, the first pLAI approved for the
treatment of schizophrenia and bipolar disorder, was
introduced by Janssen Pharmaceuticals, Johnson and
Johnson (J&J) in 2003. Currently, six LAI antipsychotics
with five unique combinations of molecular form and
delivery strategy have been approved and are available on
the market [18]. Despite the clinical advantages and market
potential of pLAIs, the introduction of their generic vari-
ants into the market has been challenging owing to the
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Fig. 1 a Conceptual illustration of plasma drug concentrations
following repeated administration of conventional oral dosage (red)
vs. controlled release from polymeric long-acting injectables (LAIs)
(green). The therapeutic window of the plasma drug concentration is
depicted by the rectangular blue strip. At represents the duration for
which the drug concentration in the plasma is safe and effective. Note
that in this illustration, LAlIs have two therapeutic windows (A"
and An"") during which the plasma drug concentration is safe and
effective compared to the oral drug, which generally has one

complexity of the generic formulations, the lack of regu-
latory guidelines for the evaluation and approval of such
long-acting drug products, and the mutual exclusivity of
RLDs. These issues are discussed below.

1.4 Evaluation of Generic Drugs and Challenges
to Regulatory Approval

Bioequivalence (BE) and bioavailability (BA) are impor-
tant elements in the evaluation of generic drugs because

Increased degradation
rate in microsphere
core (autocatalysis)

Polymer erosion due to dissolution
of monomers and oligomers

Increased PLGA
porosity

Drug dissolution
and diffusion

Polymer
erosion

therapeutic window (A1;,°™). b Nlustration of different stages of

poly(lactic-co-glycolic acid) or PLGA microsphere degradation and
erosion, leading to sustained drug release and dissolution. The stages
include the initial burst (the release of active pharmaceutical
ingredient [API] on the microsphere surface), drug diffusion (drug
release by diffusion through hydrated expanding pores and autocat-
alytic degradation), and drug release (due to polymer erosion and
dissolution of monomers and oligomers)

they help quantify the release of an API from a drug pro-
duct and its subsequent absorption into systemic circula-
tion. BE and BA can also help establish therapeutic
equivalence to ensure interchangeability between drug
products. The FDA defines BE as the “absence of a sig-
nificant difference in the rate and extent to which the active
ingredient or active moiety in pharmaceutical equivalents
or pharmaceutical alternatives becomes available at the site
of drug action when administered at the same molar dose
under similar conditions in an appropriately designed
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Applications of Polymer-based Sustained Release Drug Products
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Fig. 2 Illustration of market potential of polymer-based sus-
tained/controlled-release drug products from 2007 to 2014. The
market share of the polymer-based sustained-release systems was
estimated to be about US$40 billion in 2010 and was administered to
over 100 million patients each year. Long-acting injectables (LAIs)
are applied as psychiatric medication (antipsychotics), fertility
treatments, hormone therapy, protein therapy, infection treatments
(antibiotics and antifungals), cancer therapy, treatment following
orthopedic surgery, postoperative pain treatment, chronic pain
treatment,  vaccination/immunization, and immunosuppression
[15-17]. Polymeric long-acting injectables account for approximately
8 % of the sustained-release drug market, and there are six approved
antipsychotic products with five unique combinations of molecular
form and delivery strategy [18]

study” [19]. According to the FDA guidelines for evalu-
ating the BE of orally and non-orally administered drugs,
the measurement of the API concentration in systemic
circulation is emphasized because measuring the API at the
site of action is generally not straightforward [20]. How-
ever, these guidelines are not clearly defined for non-oral
dosage forms, such as polymeric LAIs [21, 22]. This
uncertainty may be attributed to the non-availability of
standard in vitro drug-release assays to predict/assess
in vivo performance, the nature of the API release kinetics
from a polymer matrix, and the complexity and sensitivity
of the biomanufacturing processes used to produce pLAIs
[23, 24].

To address these challenges, computational approaches
combining multiscale models of drug formulation, in vitro
drug release, and in vivo physiologically based pharma-
cokinetic (PBPK) modeling can be indispensable for pre-
dicting the BE of candidate generic formulations. In
addition to assessing different release characteristics, these
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models can be used to evaluate in vitro systems and opti-
mize the design and process parameters for improved
IVIVC. The model algorithms can serve as precursors for
the development of software toolkits that benefit pharma-
ceutical scientists, drug developers, and the regulatory
bodies, such as FDA’s Office of Generic Drugs (OGD) that
establish product quality standards and to accelerate the
review and approval of new drug applications. In this
paper, we propose a new Level A Type IVIVC that directly
correlates the in vitro outcomes of candidate generic for-
mulations, such as drug dissolution, with the clinical
characteristics of a reference listed drug (RLD), such as
drug absorption, to help identify the specific generic pLAI
formulations with clinical absorptions that are likely to be
similar to that of the RLD. This approach may thereby
reduce the number of clinical trials required for the eval-
uation of clinical BE. This idea is based on the first
author’s response to a proposal solicitation from the FDA
for “Pharmacometric modeling and simulation for long
acting injectable products” in 2015 [25].

This paper is organized as follows: Sect. 2 introduces
the IVIVC methodology and Sect. 3 describes its role in
drug design and manufacturing. In Sect. 4, a new Level A
Type IVIVC for the rational design of clinical trials (i.e.,
shortlisting the specific generic pLAI formulations that
qualify for clinical testing) toward regulatory approval is
discussed. The paper concludes with perspectives on the
proposed IVIVC approach in Sect. 5 and insights into
future research directions in Sect. 6.

2 In Vitro to In Vivo Correlation: Current Status
and Potential Role in Drug Design
and Manufacturing Phases

IVIVC, as defined by the FDA, is a “predictive mathe-
matical model describing the relationship between an
in vitro property of a dosage form and an in vivo response”
[26]. The main goal of IVIVC is to predict the in vivo
performance of a drug based on its in vitro drug-release
profiles. Because in vitro dissolution is often used as a
surrogate for in vivo absorption [20, 27, 28], IVIVC also
helps identify the appropriate in vitro platform in which the
dissolution profiles are reminiscent of the in vivo absorp-
tion profiles for different drug formulations [13, 29-33]. As
listed in Table 1, four types of IVIVC have been defined by
the FDA: Levels A, B, C, and D [26]. For generic drug
approvals, a Level A Type IVIVC is generally required
[26, 34, 35] and is established based on the in vitro drug
dissolution and in vivo drug absorption [28]. The rationale
for comparing the in vitro drug dissolution and in vivo
absorption is based on the observation that the rate of drug
absorption in vivo is dependent on the rate of drug



New Level A Type IVIVC for Clinical Trials of Generic pLAls

1183

Table 1 Classification of IVIVC as defined by the U.S. Food and
Drug Administration to establish a correlation between the in vitro
dissolution and in vivo drug release of a product. Three or more

formulations with different release rates are recommended to
establish an IVIVC, with a minimum of three time points covering
the early, middle, and late stages of the dissolution profile [26]

Level

Description

A

Point-to-point correlation between in vitro dissolution and in vivo absorption over time, which is considered the highest possible
correlation. The Nelson—-Wagner approach is used to determine the drug fraction absorbed (F ) based on the plasma concentration-
time data [37]:

Faps(t) = [C(1) + k. x AUCo_p)/[ke x AUC(o_inp),

where k, is the elimination rate constant (time™"), C(¥) is the plasma concentration of the drug (API) at time ‘#’, and AUC is area under
the curve (of the PK profile)

Remark: Level A Type IVIVC is descriptive of the complete in vivo plasma PK profile based on the in vitro measurement parameter
(dissolution rate) and can satisfactorily predict the biopharmaceutical release rate of a drug product in vivo with different formulations
and dosages [75]. This process enables the assessment of changes in manufacturing processes, raw materials used, or minor
modifications to the formulation and dose strength of the generic product without conducting additional clinical trials. For these
reasons, establishing Level A Type IVIVC is desirable from a regulatory standpoint. The Level A IVIVC can then be used to conduct
BE studies between different dissolution profiles, thereby playing an important role in QbD processes [34]

Correlation between two different derived quantities (or summary parameters), such as the mean dissolution time in vitro vs. the mean
residence time in vivo; not a point-to-point correlation

Remark: Level B Type IVIVC cannot be used to justify a change in drug formulation, excipient composition, or manufacturing process
because it is not a point-to-point correlation [75]. Although this method can be applied to identify potential CQAs associated with a
drug product, it cannot help quantify the limits of these attributes and quality-control standards to ensure that the generic product is
bioequivalent with the RLD PK profile

Single-point comparison of the amount of drug dissolved in vitro at a particular time (e.g., TS0 %) and an in vivo pharmacokinetic
parameter (e.g., AUC); the correlation is not descriptive of the complete in vivo plasma PK profile

Remark: This type of correlation is not predictive of actual in vivo performance and therefore has limited application for regulatory
biowaivers (BE studies) [26]. This correlation can be used as a reference tool during the early stages of formulation development of the

generic drug, when pilot formulations are being shortlisted, or in quality-control reference procedures [75, 76]

D Rank order correlation; qualitative comparison

Remark: As a qualitative comparison, Level D is generally not considered during the regulatory approval process. This comparison is not
a formal correlation but can aid early formulation development [26, 77]

API active pharmaceutical ingredient, AUC area under the curve, BE bioequivalence, CQAs critical quality attributes, /VIVC in vitro to in vivo
correlation, PK pharmacokinetics, QbD quality by design, RLD reference listed drug

dissolution (controlled, sustained, or modified release)
[27, 36]. Deconvolution techniques, such as the Nelson—
Wagner method (Table 1), can be used to estimate the
in vivo drug absorption from clinical PK data (plasma drug
concentration) [37].

For the approval of generic drugs, the FDA requires
IVIVC for different formulations (at least two, but three or
more is recommended) that differ significantly in their
release rates, i.e., slow, medium, and fast releasing [26].
This process facilitates the early stages of drug formula-
tions by defining the design space and identifying the
critical quality attributes (CQAs), which are quality attri-
butes (physical, chemical, biological, or microbiological)
that must be controlled (directly or indirectly) to ensure
that the final therapeutic product consistently meets safety,
efficacy, stability, and performance standards [38, 39].
Typically, CQAs include the drug content, the particle size,
and the excipient properties (non-API components in the
drug product). In other words, alteration of these attributes
can affect the in vivo performance of new drug formula-
tions [39-42]. For complex drug products such as pLAlIs,

the design space becomes extensive owing to a large
number of product attributes, the excipient properties in
particular, as illustrated in Fig. 3. Therefore, identifying
the CQAs of pLAIs is an important first step toward
establishing a control strategy for monitoring critical pro-
cesses during the manufacturing stage, designing rational
clinical trials, and accelerating regulatory approval. Thus,
in addition to shortlisting the candidate formulations for
which an in vitro to in vivo correlation exists, IVIVC
methods can also help determine the CQAs and their
allowable variances during manufacturing to provide an
understanding of how different formulations and process
variables influence product quality [42], governed by the
principles of quality by design (QbD) [43-45], as illus-
trated in Fig. 4. Thus, IVIVC is integral to QbD because
the identification of the CQAs associated with the product,
and the determination of the extent to which these attri-
butes can be varied without affecting the quality and per-
formance of the final product (i.e., which defines the
margin of error) are the first required steps for establishing
QbD [46]. The process also enables generic drug
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Fig. 3 Product attributes of microsphere-based pLAIs comprising the
active pharmaceutical ingredient (API), the polymeric material
encapsulating the API, and the diluent in which the polymer
microspheres are suspended. Few of these attributes qualify as
critical quality attributes (CQAs) that must be controlled (directly or
indirectly) to ensure that the product meets its intended safety,
efficacy, stability, and performance. Typically, the CQAs include the
drug content, particle size, and other excipient properties. Identifying
the CQAs of pLAIs is important because altering these attributes can
directly affect the in vivo performance of a candidate generic
formulation. The CQAs of pLAIs can be identified by varying the
excipient properties (e.g., polymer and diluent) and determining their
sensitivities using in vitro dissolution studies [41, 78]

developers to take a proactive approach for product
development, fulfill FDA requirements for approval, and
rapidly identify the root causes for deviations from RLD
performance or unexpected toxicity from pLAIs.

3 Current Scope, Application, and Challenges
of IVIVC for the Development of pLAIs

The use of IVIVC requires an in vitro and an in vivo
system. The in vitro systems include the sample and sep-
aration method [47], the continuous flow method [48], and
the dialysis membrane-based method [49]. These methods
are often used for studying drug release from pLAIs in
terms of release kinetics and dissolution characteristics.
Currently, animal models (typically rodent) constitute the
in vivo counterpart for the IVIVC-based evaluation of
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candidate generic pLAI formulations [13, 22, 50, 51].
Using a rat model, D’Souza et al. found that the modified
dialysis bag [52] was a suitable in vitro platform for
characterizing the in vivo performance of olanzapine
(originally branded as Zyprexa) encapsulated in PLGA
microspheres as this platform yielded a consistent Level A
Type IVIVC between the in vitro release rates and the
in vivo absorption of different PLGA formulations with
varying lactide:glycoside ratios [22]. Although such IVIVC
methods can provide insights into the in vivo relevance and
performance of in vitro systems and drug formulations, a
1:1 match between the preclinical and clinical outcomes is
not readily apparent because of the inherent differences in
organ-level physiology and cellular biology [53-56].
Moreover, the size of the in vivo trial sample is typically
similar to that of the in vitro experiments during initial
development, which in conjunction with the vast number of
product attributes can result in a combinatorial explosion of
time- and resource-intensive clinical testing. In light of
these developmental challenges, we conjecture that IVIVC
methods can be intelligently adapted to reduce and opti-
mize the number of clinical trials required to establish the
BE of generic formulations, thereby reducing the devel-
opmental time required for accelerated approval, and to
provide inputs for establishing regulatory guidelines for
pLAIs. An instance of such an adaptation with a new Level
A Type IVIVC is discussed next.

4 A New Level A Type IVIVC for the Rational
Design of Clinical Trials Toward Regulatory
Approval of Generic pLAIs

We propose a new Level A Type IVIVC to help accelerate
the development of generic pLAIs by shortlisting the
candidate generic formulations that are likely to be bioe-
quivalent with the RLD. By subjecting only the shortlisted
candidate generic formulations to further clinical testing,
the method can help reduce the number of time-intensive
clinical trials, resulting in a faster regulatory evaluation and
approval. The proposed method is conceptually illustrated
in Fig. 5a. Whereas a conventional Level A Type IVIVC
compares the in vitro and in vivo outcomes of the same
generic formulation, our method directly correlates the
in vitro outcomes of candidate generic formulations with
the clinical absorption characteristics of a RLD. The
application of IVIVC for the rational design of clinical
trials, i.e., shortlisting the specific pLAI formulations for
the clinical BE evaluation, has not been reported thus far.

Figure 5b mathematically illustrates the proposed idea
for three different pLAI formulations by quantifying the
relative degrees of correlation between the percentage of
drug dissolution in vitro and the percentage of drug
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Fig. 4 Broader applications of in vitro to in vivo correlation (IVIVC)
methods, which include a identifying the critical quality attributes
(CQAs) by performing a sensitivity analysis of the product attributes
and determining their effects on the in vitro outcomes such as release
rates and dissolution; and b optimizing the product performance,
quality and manufacturing processes by conducting quantitative
analyses of the CQAs. For example, the panel on the left illustrates

absorption of the RLD in vivo. We posit that the formula-
tion(s) for which the slope of the linear correlation line
(m) is closer to unity (i.e., 45° slope) with a high R? value
(>0.95) during IVIVC are likely to be bioequivalent with the
RLD and thus qualify for further clinical testing. Nonethe-
less, this qualification is contingent upon the availability of
RLD PK data and the appropriateness of the in vitro plat-
form to predict the in vivo drug absorption of different
formulations. The thick blue line (45° line) represents the
ideal IVIVC, i.e., the formulations for which the in vitro
outcomes are expected to be bioequivalent with the RLD
(Fig. 5b, shaded green region representing the bounds of the
measurement error). For example, of the three candidate
formulations, formulation 2 (f2, depicted as solid purple line
in Fig. 5b) correlates well with the RLD data and therefore
represents the qualifying candidate for clinical BE evalua-
tion. This quantitative alignment suggests that {2 is likely to
have the same API release kinetics and similar PK charac-
teristics compared to the RLD. Similarly, other formulations
that lie within this shaded green region represent the short-
listed candidates that qualify for clinical testing. Conversely,
formulations 1 and 3 (fl and {3, depicted as dotted lines in
Fig. 5b) do not align with the RLD data and therefore do not

CQAI1-3 as the main attributes that determine the quality and
performance of a polymeric long-acting injectable formulation,
whereas the panel on the right determines the margin of error and
acceptable ranges for one of the CQAs (CQAIl) in a three-
dimensional design space. The IVIVC-identified CQAs and their
bounds are linked to manufacturing processes, which are governed by
the principles of quality by design

qualify for clinical evaluation. The non-alignment or the
offset from the 45° line for these formulations could be
attributed to the variations in excipient properties and the
effect of these variations on the API release rates from the
polymer matrix, culminating in the discrepancies between
the in vitro dissolutions and the in vivo absorption of the
RLD. In this mathematical illustration, the API release rate
from f1 was slower when compared to the RLD, whereas the
API release from f3 was relatively faster than the RLD. We
conjecture that a priori sensitivity analyses could shed light
on the specific product attributes affecting the correlation of
the in vitro dissolution rates with the RLD absorption data.

5 Perspectives

Because clinical studies are required by the FDA to demon-
strate BE before generic drug candidates can achieve regula-
tory approval, extensive and unpredictable number of clinical
trials for BE evaluation entails additional time and costs,
particularly for complex drug products such as pLAIs that
have a large number of design parameters. Ad hoc in vitro
experiments and time-intensive clinical trials can significantly
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Proposed Approach for Shortlisting Generic pLAIl Formulations
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Fig. 5 a Overview of the proposed new Level A Type in vitro to
in vivo correlation (IVIVC) for the rational design of clinical trials.
By directly correlating the in vitro outcomes of candidate generic
formulations with the clinical absorption characteristics of the
reference listed drug (RLD), we conjecture that our method can
rationally shortlist and identify specific drug formulations for which
the clinical absorption is likely to be similar to that of the RLD.
Consequent clinical bioequivalence (BE) studies are required to
validate the proposed approach. b Mathematical illustration of the

affect prospective generic drug developers. We conjecture
that the proposed method will help shortlist the specific gen-
eric pLAI formulations requiring clinical trials (i.e., the
rational design of clinical trials), thereby reducing the devel-
opment time required for BE evaluation and approval. Fur-
thermore, the method can serve as a tool to assist drug
developers and regulatory bodies, such as OGD and Center for
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proposed new Level A Type IVIVC for shortlisting candidate pLAI
generic formulations (fl: formulation 1; f2: formulation 2; f3:
formulation 3) for BE clinical trials when the pharmacokinetic data of
a RLD are available to the new generic drug developers. Based on this
method, the formulation(s) for which the slope of the linear
correlation line (m) is closer to unity (i.e., 45° slope) with a high
R? value (>0.95) during IVIVC are likely to be bioequivalent with the
RLD and thus qualify for further clinical testing

Drug Evaluation and Research (CDER), in establishing the
BE criteria for modified-release products, including pLAIs.
For the successful application of this method, the clin-
ical data for the RLD must be made available to developers
of new generic pLAIs without compromising the market
exclusivity of the brand LAI drug. Currently, such data
may either be available in open literature, given in Table 2
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Table 2 Selected list of pLAI-based RLDs identified in the open literature. Such data can be used to demonstrate the proposed Level A IVIVC
for evaluating generic formulations in vitro and shortlisting candidates for further clinical BE evaluation

Name of the RLD Year of FDA API Administration route References
Approval [average microsphere size] [dosage; interval]

Risperdal® Consta™ (Janssen) 2003 Risperidone [17-25 pm] IM [12.5-50 mg; 2 weeks] [57, 58, 66]

Lupron Dep0t® (AbbVie) 1995 Leuprolide acetate [100-500 pm] IM/SC [3.75-30 mg; 1-6 months] [59, 60]

BydureonTM (AstraZeneca) 2012 Exenatide [60 um] SC [2 mg; 1 week] [61]

Sandostatin LAR® (Novartis) 1998 Octreotide acetate [50 pm] IM/SC [20 mg; 1 month] [62, 63]

Trelstar™ LA (Actavis) 2000 Triptorelin pamoate IM [3.75-22.5 mg; 1-6 months] [64, 65]

API active pharmaceutical ingredient, FDA Food and Drug Administration, /M intramuscular, pLAI polymeric long acting injectable, RLD

reference listed drug, SC subcutaneous

[57-65], or through specific documents submitted to the
FDA, such as the Citizen Petition [66]. We anticipate that if
the FDA approves the proposed new Level A Type IVIVC
for the regulatory evaluation of generic pLAI formulations,
it will facilitate the availability of critical in vivo drug
absorption data (of RLD) for prospective generic drug
developers before the market exclusivity of the brand drug
expires. Such a measure will enable generic developers to
test and finalize the candidate formulations for the rapid
launch of the LAI product into the market following the
expiration of the RLD patent.

6 Future Directions

Drug safety post-approval is an important topic because the
likelihood of unintended drug actions in the general pop-
ulation during actual therapy cannot be completely ruled
out. In other words, although many safety concerns can be
identified during clinical testing, the anomalous behavior of
an approved drug that was not detected in clinical trials,
remains a possibility when used by a larger population (i.e.,
post-approval). Therefore, the FDA as a regulatory body
has set in place safety oversight programs such as post-
marketing surveillance to continuously monitor such
adverse effects via reporting from manufacturers, hospitals,
and the public [67, 68]. These reports are analyzed by the
FDA to establish the relevant remarks for the product, such
as black box warnings for re-labeling the product. For
example, consider Risperdal Consta (risperidone), an
antipsychotic pLAI approved for the treatment of
schizophrenia and bipolar disorder by the FDA in 2003
[57]. After market launch and based on actual use, it was
determined that the drug could increase the risk of car-
diovascular or infectious-related deaths in patients with
dementia-related psychosis. As a result, the FDA issued a
black box warning for Risperdal Consta that precluded its
use for this patient population [69]. Another relevant
example is Zyprexa Relprevv (olanzapine pamoate), a
suspension-based LAI developed by Eli Lilly and a known

antipsychotic drug for the treatment of schizophrenia [70].
Although no adverse events were observed during clinical
trials, severe reactions were later seen in 0.03 % of patients
due to dose dumping, which resulted in drug plasma spikes
[71]. This anomalous drug action led to the FDA approving
this drug with a black box warning in 2010 that resulted in
restricted access to patients [69]. Additionally, adverse
event reporting may trigger the need for additional clinical
trials to re-evaluate the safety and effectiveness and to
occasionally recall a therapeutic product [69, 72, 73].

6.1 Inherent Physiological Risks of LAIs

In addition to the safety concerns mentioned above, we
acknowledge the inherent risks of pLAIs because of their
complexity in formulation; the drug-release kinetics; the
longer residence times in the body, particularly in the
vicinity of the injection sites (IM, SC spaces); and the
unexpected toxicity due to dose dumping, which result in
concentration spikes in the plasma. Such risks have led to
the incorporation of Patient Care Programs that enable
healthcare professionals to increase the monitoring of
patients after the administration of LAIs (e.g., Zyprexa
Relprevv Patient Care Program) [74].

6.2 Extension of the Proposed Approach to Include
Drug Safety Issues

At the outset, the proposed Level A Type IVIVC is
intended for shortlisting the specific generic pLAI formu-
lations that qualify for clinical BE evaluation and not
necessarily to analyze the drug safety and effectiveness
either during clinical trials or post-approval, as discussed
above. Because the RLD and its generic equivalents share
the same API, and with the PK setting the initial conditions
for PD and toxicodynamics (TD), it is conceivable that a
mere alignment of the PK profiles of the candidate generic
pLAI formulations and the RLD could also provide insights
into the PD and TD aspects of the generics. However such
an observation would not consider the anomalous behavior
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of the RLD. To address this problem, we posit that
improvements to the proposed method could also help in
deducing the PD and TD of the shortlisted generic for-
mulations when the safety and effectiveness data of the
RLD are available (e.g., from clinical testing and adverse
events). This idea is mathematically illustrated in the
equation below. In addition, we think that the improved
method can be adapted to identify the CQAs that can cause
anomalous drug behavior. However, this technical
hypothesis should be verified and validated with actual
clinical data. For example, in the case of Zyprexa Rel-
prevv, it would be interesting to identify the CQAs that
caused the dose dumping and improve the formulation and
biomanufacturing of this drug using tight QbD. In sum-
mary, we envision that shortlisting the candidate generic
pLAI formulations using this improved IVIVC method
would refine and strengthen the qualification criteria for BE
evaluation, i.e., further reduce the number of generic for-
mulations that qualify for clinical testing, thereby accel-
erating the development and approval of generic pLAIs.

Improvements to the proposed method:

Shortlisting of candidate generic pLAI formulations

for clinical trials = fin (Xinvitros Yinvivo, ZPD/TD)

Xin viwo = 10 Vitro release data of candidate generic for-
mulations (e.g., drug dissolution)

Yin vivo = RLD data from clinical trials (e.g., drug
absorption)

Zpp/Tp = pharmacodynamics and toxicodynamics (e.g.,
drug safety, black box warning, plasma spikes/dose-
dumping effects, toxicity, adverse event reporting, etc.)
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