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Introduction

orrelations between in vitro and in vivo data (IVIVC)
C are often used during pharmaceutical development in

order to reduce development time and optimize the
formulation. A good correlation is a tool for predicting in
vivo results based on in vitro data. IVIVC allows dosage form
optimization with the fewest possible trials in man, fixes
dissolution acceptance criteria,and can be used as a surro-
gate for further bioequivalence studies;it is also recom-
mended by regulatory authorities (7-5).

Many studies reported in the late '70s and early '80s
established the basic concept of IVIVC (6). Various defini-
tions of in vitro—in vivo correlation have been proposed by
the International Pharmaceutical Federation (FIP), the USP
working group (7),and regulatory authorities such as the
FDA or EMEA (2-5).The FDA (2) defines IVIVC as“a predic-
tive mathematical model describing the relationship
between an in vitro property of an extended release
dosage form (usually the rate or extent of drug dissolution
orrelease) and a relevant in vivo response, e.g., plasma
drug concentration oramount of drug absorbed.”

As stressed in this definition, IVIVC is more an in vitro—-in
vivo relationship than a strict correlation. It should be kept
in mind that a relationship does not imply a causality link
between the in vitro data, in our case,and the in vivo data.

Bases on the type of data used to establish the relation-
ship, three main levels are defined by the FDA:

Level A

A correlation of this type is generally linear and
represents a point-to-point relationship between
in vitro dissolution and the in vivo input rate (e.g.,
the in vivo dissolution of the drug from the
dosage form). In a linear correlation, the in vitro
dissolution and in vivo input curves may be direct-
ly superimposable or may be made to be superim-
posable by the use of a scaling factor. Nonlinear
correlations, while uncommon, may also be
appropriate. Alternative approaches to develop-
ing a Level AIVIVC are possible.... Whatever the
method used to establish a Level A IVIVC, the
model should predict the entire in vivo time
course from the in vitro data. In this context, the
model refers to the relationship between in vitro
dissolution of an ER dosage form and an in vivo
response such as plasma drug concentration or
amount of drug absorbed.
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Level B

A Level BIVIVC uses the principles of statistical
moment analysis. The mean in vitro dissolution
time is compared either to the mean residence
time or to the mean in vivo dissolution time.... A
Level B correlation does not uniquely reflect the
actual in vivo plasma level curve, because a num-
ber of different in vivo curves will produce similar
mean residence time values.

Level C

A Level CIVIVC establishes a single point rela-
tionship between a dissolution parameter, for
example, tsoq, percent dissolved in 4 hours and a
pharmacokinetic parameter (e.g., AUC, Cinax, Trmax)-

A Level C correlation does not reflect the com-
plete shape of the plasma concentration-time
curve,which is the critical factor that defines the
performance of ER products.
In addition to these three levels,a combination of various
levels Cis also described:

A multiple Level C correlation relates one or sev-
eral pharmacokinetic parameters of interest to the
amount of drug dissolved at several time points of
the dissolution profile.

For the establishment of a correlation as described in the
FDA guidance, various parameters can be used as present-
edinTable 1.

Table 1. Various parameters used in IVIVC depending on
the level.

Level Invitro Invivo
A Dissolution curve Input (absorption)
curves
Statistical Statistical
B moments: MDT moments: MRT,
’ MAT, etc
Disintegration )
time, Time to have Crmax Tma Ko Time
to have 10,50,90%
10,50,90%
C . . absorbed, AUC
dissolved, Dissolu-
. . (total or cumula-
tion rate, Dissolu- .
. .. tive),
tion efficiency

'Corresponding author.

Level A correlations use all the information of the disso-
lution and absorption curves,in contrast to levels B or C.
The establishment of a relationship implies the use of
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many formulations, each of them giving one pair of data
(vitro and vivo). It is obvious that level B or C needs more
data and, as they do not use all the information related to
vitro and vivo behavior of the formulation, they are less
powerful. The FDA ranked the levels as follows:

AlLevel A IVIVCis considered the most informa-
tive and is recommended, if possible. Multiple Level
C correlations can be as useful as Level A correla-
tions. However, if a multiple Level C correlation is
possible,then a Level A correlation is also likely and
is preferred. Level C correlations can be useful in
the early stages of formulation development when
pilotformulations are being selected. Level B corre-
lations are least useful for regulatory purposes.

In vivo data are obtained from well-standardized fasted
studies on healthy volunteers. In attempting to establish a
Level A relationship, the major point to consider is the sam-
pling schedule in the“absorption”phase in order to have
an accurate representation of the input curve.

Establishing an IVIVCis nothing more complicated than
trying to reproduce all the complex phenomena that lead
to thein vivo release and solubilisation of the APl in the gut
in a“simple”in vitro system like a vessel agitated with a
paddle! In contrast to in vivo studies, in vitro methods are
less“standardized,”as USP Apparatus 1 to 4 could be used
with various media (HCI, simple buffer,addition of surfac-
tant or enzymes, etc.) and various technical parameters
(e.g.,volume, rate).

This article will focus on the way to obtain in vitro data.

Data Collection
In Vivo Data

Thein vivo data are derived from the plasma concentra-
tion curve. Various phenomena can occur after administra-
tion of drug depending of the route of administration (8)
(Figure 1).
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Figure 1. Main phenomena after administration of various formulations (8).

The plasma concentration curve is a global representa-
tion; it depends on drug input within the blood, which
depends on the dosage form and the properties of the
drug, and thereafter its pharmacokinetic input processes.
The disposition of the drug afterwards depends only on
the drug and patient.

As stated by the FDA (2),absorption curves can be calcu-
lated by various methods by estimating“the in vivo
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absorption or dissolution time course using an appropriate
deconvolution technique for each formulation and subject
(e.g.,Wagner-Nelson, numerical deconvolution).” After the
calculations are performed, the input curve, known as
“absorption”curve,is presented as the percentage of the
fraction of dose (%FD:0-100%) absorbed versus time. This
absorption curve represents the sum of all the phenomena
such as release or dissolution but also the permeability
through the intestinal membranes. To obtain a good esti-
mation of the absorption curves, a sufficient number of
well-positioned samples are required.

In Vitro Data
Interest of In Vitro Dissolution

In the case of oral administration of a solid dosage form,
the limiting factor for the appearance of the drug in the
blood could be the pure permeability through the intesti-
nal membrane (mainly for Class lll and IV of the BCS), the
release from the drug dosage form, or the solubility of the
active ingredient. In case of solubility-limited product
(Class lland IV of BCS), the absorption could be governed
by physico-chemical characteristics of the API (such as sol-
ubility, dissolution rate, particle size, crystal shape, poly-
morphism, pK,, stability in GIT) and not by its permeability
or formulation. In the case of release-limited formulations,
the absorption is limited by the drug release from the drug
dosage form. As described above, to establish IVIVC, the
release must be the limiting factor;in this case, solubility
(or dissolution rate) and permeability must be faster than
the release. Correlations are always possible with Class |
drugs and depend on the relative magnitude of the various
factors versus the release rate for the other classes (9-74).

The active substance is the core of any formulation; the
physico-chemical characteristics and the stability of the
APl are the main points to be considered first. In the case of
oral products, there are two types of formulations. The first
is an immediate-release (IR) product that disintegrates and
disperses rapidly after administration. The second is an
extended-release (ER) formulation, which keeps its integri-
ty throughout much of the GIT (75). In the case of the IR
product, the release of both the drug and excipients is

Formulation type: IR, MR, \ Dissolution apparatus
type of MR, ctc.

Dissolution media

Dissolution parameter

Dissolution results:
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time
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N
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4 granulation, drying, tubletting,
coating

Formulation and process
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Figure 2. Dissolution as a reflection of the pharmaceutical complexity of the
product, full line: directly accessible information, dashed lined: underlined
information.




rapid. The excipients are usually materials without biophar-
maceutical properties and do not dramatically modify the
release of the drug even if present in large quantity. In the
ER case, the excipients are the core of the formulation,and
they control the release of drug within the body. For exam-
ple,the HPMC matrices are biocompatible, do not exhibit
any degradation by enzymes and GIT fluids,and have no
direct interaction with bile salts, but they interact with
water. They swell,form a gel,and then the API slowly diffus-
es through the formatted gel. Finally, the system is eroded
and destroyed after complete gel formation. In this second
case,in addition to the characteristics of the API,the char-
acteristics and quantities of excipients and the process
itself are of importance.

The release of drug from the dosage form can be studied
in vitro,and the dissolution reflects all of the phenomena
implied in the formulation (Figure 2).

In Vitro Data

Various dissolution tests exist and can be used to gener-
ate the in vitro data. In order to compare the results, the
same method must be used for all the formulations. The in
vitro dissolution curves depend on (1) the release charac-
teristics of the formulation and manufacturing process, (2)
the characteristics of the APl such as the solubility and dis-
solution rate, and (3) the apparatus, method parameters,
dissolution medium (Figure 2).

The dissolution curves are expressed as the percentage
dissolved versus time and should usually reach 100% at
infinity (or in practice at the end of dissolution). Based on
this curve, various parameters, as presented in Table 1,can
be calculated.

The best dissolution method for in vivo—in vitro correla-
tion is,obviously, the method that describes what happens
in vivo. The main factors that can influence drug release in
vivo are presented in Figure 3. All of these factors cannot
be easily reproduced in vitro by a simple dissolution
method. In addition, the relative importance of these fac-
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Figure 3. Main factors that can influence the in vivo release, importance for
in vitro dissolution method selection.

tors is not similar if the subject is in fed or fasted state;in
the fed state,food also has a direct influence on the APl or
formulation behavior.

In Vitro Media
Usually,aqueous based media are used, most of them
being described in pharmacopeias. To simulate gastric

media, the simplest one is composed of 0.1 N HCI. A more
complicated medium called simulated intestine fluid (SIF)
can also be used. For other pHs,acetate or phosphate buffers
are usually used (or sometime TRIS). For specific applications
(e.g., poorly soluble drugs), the pharmacopeias recommend
the addition of either enzymes or surfactant. Noncompendi-
al media are also described (76-18) to simulate the fasted
and fed states in vivo:fasted state simulated intestinal fluid
(FaSSIF) and fed state simulated intestinal fluid (FeSSIF).
These media try to reproduce, not the direct food influence
on the formulations, but rather the secretions occurring in
either fasted or fed state in the small intestine.

In Vitro Apparatus

Obviously, not all the factors described in Figure 3 can be
reproduced in vitro even if some attempts exist. Any com-
pendial method that can discriminate between the formu-
lations may be used, but certain techniques are preferred
(i.e., paddle, flow-through cell, basket—USP Apparatus 2,4,
and 1,respectively).

No in vitro system developed to date can maintain the
following requirements that correspond to the physiologi-
cal states in vivo: (1) sequential use of enzymes in physio-
logical amounts, (2) appropriate pH for the enzymes, (3)
removal of the products of digestion, (4) appropriate mix-
ing at each stage of digestion, (5) physiological transit
times for each step of digestion,and (6) a peristaltic
dynamic approach (79). The TNO Gastro-Intestinal Model
(TIM1) is an in vitro system developed at TNO Nutrition and
Food Research (Zeist,the Netherlands) that simulates the
Gl tractin man and fulfills the requirements mentioned
above. In addition, this in vitro model offers the possibility
of introducing a solid meal to investigate all food-drug
interactions and food impact on dosage form behaviour. It
consists of four serial compartments (Figure 4) simulating
the stomach and the three segments of the small intestine:
the duodenum,jejunum,and ileum (79-217). Each compart-
ment is filled with water that is pumped from a water bath
into the glass jackets around the flexible walls to control
the temperature inside the units (37 °C) and the pressure
on the flexible walls. Changes in the water pressure enable
mixing of the chyme by alternate compression and relax-
ation of the flexible walls. To control the transit of the
chyme, an exponential formula is used for gastricand ileal
delivery. Chyme transit is then regulated by opening or
closing the peristaltic valves that connect the compart-
ments. The volume in each compartment is monitored by a
pressure sensor connected to the computer. The pH is
computer monitored and continuously controlled by
secretion of either water or 0.5 M HC| (0.25 mL/min) into
the stomach and either electrolytes or 0.5 M NaHCOs (0.25
mL/min) into the small intestine. Simulated gastric (0.5
mL/min), biliary (0.5 mL/min),and pancreatic (0.25
mL/min) secretions (i.e., pepsin, lipase, pancreatic and bile
salts) are introduced into the corresponding compart-
ments by computer-controlled pumps.The model is
equipped with hollow-fiber membranes connected to the
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Figure 4.The TIM system.

two compartments representing the jejunum and the
ileum, respectively. Water and small molecules are
removed from the lumen of the compartments by pump-
ing dialysis fluid (10 mL/min) through the hollow fibers.
This system mimics Gl motility and the mechanical
destructive force on drug release; the drug concentration
can be measured in jejunal and ileal dialysis fluids, follow-
ing its passive diffusion through the hollow-fiber mem-
branes connected to the two compartments representing
the jejunum and the ileum, respectively.

Although this Artificial Digestive System has been widely
used in nutrition studies, few examples of drug dosage
forms have been studied. However, this type of system, even
if it could be used in drug development with success (79,22,
23),is not a quality control tool due to its complexity.

Formulation
Kaa

Disintegration
Release
K,

API Dissolution Solubilized Drug
Dissolution K
rate

ka ’“’““m

ky Absorbed Drug

Figure 5. Representation of the main phenomena leading to absorption in
vivo, in green apparent observed (macro) phenomena, in red dissolution
(micro) phenomena.

The classical methods do not allow all the characteristics of
thein vivo interaction to be reproduced, especially the direct
food interaction, but can help to study the mean characteris-
tic of drug release. The in vivo drug release can be simplified
as a multifactorial process as described in Figure 5.

Three main cases exist for the macro phenomena (green
part of the graphic): (1) if kg and k;, are fast, drug is well
absorbed (class | of the BCS usually), (2) if kq is greater than
ko, the drug is permeation-controlled (Class lll),and (3) if kq
lower than k, it is a dissolution-controlled release (Class II).

The various phenomena underlined in kq (dissolution
rate) are of three types, expressed by the micro phenome-
na (k, kgg,and ks) can be split into 4 main categories. First, if
kqq is greater than kg, the apparent dissolution is driven by
the dissolution of the API. In this case, the study of either
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the intrinsic dissolution as described in USP and EP or the
apparent dissolution determined with the specific USP 4
cellas described in EP is a key factor in dosage form devel-
opment. Second, if kqq is lower than ks, then the formula-
tion is controlled by disintegration,and the formulation is
the key factor. Third, if kyq is close to ks, then disintegration
is the key factor. Finally,a k, that is lower than k, indicates
slow release,and the critical attribute is the dissolution.

Thus, a classical dissolution technique on the APl and the
dosage form provides relevant information on the key fac-
tors for the establishment of IVIVC, the fact that the release
rate of the drug from the drug dosage form is the limiting
factor (kq lower than k,,and k, limiting factor of k).

Significance of Level A Correlation

A Level A correlation defines a linear relationship
between in vitro and in vivo data so that measurement of
the in vitro dissolution rate alone is sufficient to determine
the pharmacokinetic profile in vivo. After a proper valida-
tion, IVIVC predicts the in vivo bioavailability results from in
vitro dissolution data, and this simulation reflects the in
vivo behavior of the various formulations (8).

In the presence of an IVIVC, the FDA states (2),

In vitro dissolution testing is important for (1)
providing process control and quality assurance,
(2) determining stable release characteristics of
the product over time;and (3) facilitating certain
regulatory determinations (e.g., absence of effect
of minor formulation changes or of change in
manufacturing site on performance). In certain
cases, especially for ER formulations, the dissolu-
tion test can serve not only as a quality control for
the manufacturing process but also as an indica-
tor of how the formulation will performin vivo.
Thus,a main objective of developing and evaluat-
ingan IVIVCis to establish the dissolution test as a
surrogate for human bioequivalence studies....

That highlights the significance of IVIVC and dissolution
studies both during development and throughout the life
of the product. For example, the establishment of dissolu-
tion limits could be based on IVIVC, as stated by FDA. IVIVC
can also be used to support biowaivers in two cases over
the five categories described in the SUPAC guidance (2, 3).

Conclusion

Level A IVIVCs define the relationship between an in vitro
dissolution curve and anin vivo input (absorption) profile.
A Level A correlation should always be tried a prioriin
order to have a tool that allows a complete in vivo predic-
tion from an in vitro dissolution curve and thus accelerates
the development and assists in some regulatory aspects
(SUPAC). The correlation quality depends solely on the
quality of the data. As in vivo data are now well standard-
ized,the main effort must be directed to the in vitro data.
Various apparatus and media should be tested and



assessed in terms of their in vivo predictability. The user
should always be aware of the limits of the method and of
the confidence of its prediction.
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