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ABSTRACT

Recently the concept and application of the inovitr vivo correlation (IVIVC) for pharmaceutical
dosage forms have been a main focus of attentiphafmaceutical industry, academia, and regulatory
sectors. Development and optimization of formufatfoan integral part of manufacturing and marketin
of any therapeutic agent which is indeed a timesaaring and costly process. A good correlation is a
tool for predicting in vivo results based on inrgitlata. IVIVC allows dosage form optimization wiile
fewest possible trials in man, fixes dissolutiooegatance criteria, and can be used as a surrogaite f
further bioequivalence studies; it is also recomdesh by regulatory authorities. Most correlations
between in vitro and in vivo data (IVIVC) rely anear relationships. However, nonlinear IVIVC cam b
also observed, justified and validated. Thus thednfer a tool to reliably correlate in vitro and wivo
drug release data has exceedingly increased. Sudboh shortens the drug development period,
economizes the resources and leads to improvediptapliality. Increased activity in developing IV/C
indicates the value of IVIVCs to the pharmaceutindustry. IVIVC can be used in the development of
new pharmaceuticals to reduce the number of hurhaties during the formulation development as the
main objective of an IVIVC is to serve as a surtegéor in vivo bioavailability and to support
biowaivers. It supports and/or validates the usealigolution methods and specification settingss Th
review article represents the FDA guidance, devalept, evaluation, and validation of an IVIVC to
grant biowaivers, and to set dissolution specifma$ for oral dosage forms, biopharmaceutics
classification systems (BCS), BCS biowaivers, apfitin of BCS in IVIVC development and concept of
mapping. The importance of dissolution media andhodology and pharmacokinetic studies in the
context of IVIVC has been highlighted. The samacjpies of IVIVC used for oral extended release
products may be applied for non-oral products sashparenteral depot formulations and novel drug
delivery systems as well.
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INTRODUCTION

In vitro in vivo correlation (IVIVC) is established to enable a digtion test to be used as a
surrogate of the bioavailability study [1]. It isdically related the amount of drug dissolved
vitro to the amount of drug absorbéd vivo using appropriate mathematical functions and
suitable dissolution test conditions. Tinevivo drug performance then is predicted based on the
correlation function as well as dissolution parametMany studies reported in the late '70s and
early '80s established the basic concept of IVI\&L.\arious definitions ofin vitro—n vivo
correlation have been proposed by the Internati®armaceutical Federation (FIP),the USP
working group [3],and regulatory authorities suchthe FDA or EMEA [4-6]. The FDA [4]
defines IVIVC as “a predictive mathematical modebkcribing the relationship between ian
vitro property of an extended release dosage form (ysin& rate or extent of drug dissolution
or release) and a relevant vivo response, e.g., plasma drug concentration or anudutirug
absorbed.” As stressed in this definition, IVIVCnsre anin vitro—in vivo relationship than a
strict correlation.

Convolution and deconvolution are standard mathealatools for the analysis of linear
systems, based on the validity of the superposiionciple. Application to IVIVC problems
dates back to the 1960’s, e.g. by work of Silverraad Burgen [7], Rescigno and Segre [8], and
Hanano [9]. Around 1980, several authors elabor#tedtechnique, e.g. Vaughan and Dennis
[10], Cutler [11-14], Veng-Pedersen [15-18], and firesent author [19-23]. In several papers
[24-28] it was stressed the relationship with precaidynamic response. The technique as such
became ‘official’ by guidelines of USP [29] and FDI&0].According to these, it can be
performed on three levels ranging from most totleéa®rmative, and briefly summarized as
follows:(A) convolution and deconvolution of entiiene profiles; (B) moments as metrics based
on convolution relationships; (C) empirical metrgtsch as Cmax or tmax. For the present state
of art, the reader is referred to actual textbo@dd, monographs [32]; and relevant software
packages [33, 34].

Although the focus of discussion, in this reviewll wrimarily be centred on modified-release

formulations for which IVIVC is believed to be modefined, various aspects of the IVIVC of

immediate-release dosage forms are also discu3ses.review article represents the FDA

guidance, development, evaluation, and validatibamlVIVC to grant biowaivers, and to set

dissolution specifications for oral dosage formspharmaceutics classification systems (BCS),
BCS biowaivers, application of BCS in IVIVC devetopnt and concept of mapping. The
importance of dissolution media and methodology pimarmacokinetic studies in the context of
IVIVC has been highlighted. The same principlesI¥iVC used for oral extended release

products may be applied for non-oral products saglparenteral depot formulations and novel
drug delivery systems as well.

Purposes of IVIVC

The optimization of formulations may require chasmga the composition, manufacturing

process, equipment, and batch sizes and in ordprawe the validity of a new formulation,

which is bioequivalent with a target formulation¢@nsiderable amount of efforts is required to
study bioequivalence (BE)/bioavailability (BA). Theain purpose of an IVIVC model is to

utilize in vitro dissolution profiles as a surrogate for vivo bioequivalence and to support
biowaivers and data analysis of IVIVC attracts rditen from the pharmaceutical industry and
also to predict the entiia vivotime course from thim vitro data [3, 4, 23, 32].
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Various Steps to Design and Develop of IVIV Correlgon

i) Develop formulations with different release ratelsas slow, medium and fast or a single
release rate if dissolution is condition indepernden

i) Obtainin vitro dissolution profiles and derive vitro dissolution parameters to be correlated.
iii) Obtainin vivo plasma concentration profiles by definitive biotadaility studies of these
formulations and estimate tha vivo absorption or dissolution time course by propetada
treatment i.e.- by applying methods of residuaMéagner Nelson method or Loo-riegelman
method.

iv) The in vitro dissolution is compared by three ways like singtent, statistical moment
correlation and Deconvolution and Convolution Clatien Technique. Simply positioning one
curve over another-the in vitro dissolution curved ahein vivo input rate curve are either
directly superimpossible or may be made by intgff@cttor[3, 4, 32-35](1), (eq. 1).

I=1 500 fOr absorption / t sq¢ for dissolution Eq. 1

[t 5000 Means time require to absorb/ dissolve 50 % efirihial drugs]

100%

A Fast
B Slow

% Absorbed
=

0% 10% 205 0% 40% S 0% 0% 80% 90% 100%

% Dissolved

Fig. 1.The correlation betweerin vitro drug dissolution andin vivo drug absorption

This may also be quantified by defining the equatfor each curve and comparing the
corresponding constant such as slope (m) and e by plotting the graph between fraction
absorbedn vivovs the fraction released by timevitro studies.

Levels of IVIV Correlation

The concept of correlation is based on its abibtyeflect the entire plasmatic concentration time
curve, obtained after the administration of thead@sform. It is the relationship between the
entirein vitro dissolution curves to the entire curve of plasmigvels of drug which defines the
correlation or correlation could be referred totlas relationship between appropriatevitro
release characteristics amdvivo bioavailability parameteis, 4].

There are total five levels of correlation i.e. B, C, D, and multiple Level C, have been
addressed in the IVIVC guidance.

Level A correlation is the highest level of correlation achievableitags a point to point
relationship betweem vitro dissolution and thi vivo absorption rate of a drug from the dosage
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form. A correlation of this type is generally lareand represents a point-to-point relationship
betweenin vitro dissolution and then vivo input (eq. 2) rate (e.g., the vivo dissolution of the
drug from the dosage form). In a linear correlatitre in vitro dissolution andn vivo input
curves may be directly super imposable or may bdema be super imposable by the use of a
scaling factor. Nonlinear correlations, while unecoon, may also be appropriate. Alternative
approaches to developing a Level A IVIVC are pdssihatever the method used to establish
a Level A IVIVC the model should predict the entinevivo time course from tha vitro data.

In this context, the model refers to the relatiopsyetweenn vitro dissolution of an ER dosage
form and arin vivoresponse such as plasma drug concentration orrdgrabdrug absorbed. The
predicted fraction of the drug absorbed is caledatrom the observed fraction of the drug
dissolved.

When the dissolution is not influenced by factousls as pH, surfactants, osmotic pressure,
mixing intensity, enzyme, ionic strength, a setlisolution data obtained from one formulation
is correlated with a deconvoluted plasma conceatrdime data set. To demonstrate a
correlation, fraction absorbead vivo should be plotted against the fraction releasedtro. If

this relationship becomes linear with a slope ah&n curves are superimposable, and there is a
1:1 relationship which is defined as point-to-poiot level A correlation. Under these
circumstances, the correlation is considered génana could be extrapolated within a
reasonable range for that formulation of the aatinegy entity [36-38]

% in vivo input (t) =a+p [% in vitro input (t))] Eq. 2

[a andp are the intercept and slope of the regression lespectively]

In-vitro-in-vivo-correlation Model
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Fig. 2.The correlation betweerin vitro fraction of drug released andn vivo fraction ofdrug absorbed

Level B compares the mean vitro dissolution time (MDT, eq. 4) to the mean. A Le®&|
IVIVC uses the principles of statistical moment Igaes. The mearn vitro dissolution time is
compared either to the mean residence time ordgarteann vivo dissolution time. A Level B
correlation does not uniquely reflect the acinalivo plasma level curve, because a number of
differentin vivo curves will produce similar mean residence timeies In vivo dissolution or
residence time (MRT, eq. 3). These parameters eatebermined by statistical moment theory
2, 3).
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‘I 1
MRT= _r[] te dt :AUT'»'I(_ Eq. 3
J\ UCE cdt AUC
J‘Cﬁ'.
tD dt Eq. 4
MDT = E:’:E—
’r[] Dt

[Where as, area under the first moment curve is &AJdi the area under the curve observed for
the product of time and concentration versus time @aea under the plasma concentration time
curve (AUC) is one of the most basic parameteressary for pharmacokinetic data analysis
and is well used as a measure of drug disposition.]

Level Cis a single point comparison of the amount of ddiggolved at one dissolution time
point to one pharmacokinetic parameter. A LeveV0/C establishes a single point relationship
between a dissolution parameter, for exampigy, tpercent dissolved in 4 hours and a
pharmacokinetic parameter e.g., AUG% Tmay. The methods and criteria for assessing the
predictability of level C correlation are same lasse of level A correlation [2, 3].

Limitation: This is a weak correlation since it does not reftee plasma or dissolution profiles.

A Level C correlation does not reflect the complstape of the plasma concentration-time
curve, which is the critical factor that define® therformance of ER products. In addition to
these three levels, a combination of various lels also described and known as multiple
level C [39-40].

Multiple Level C is a correlation involving one or several pharnkaoetic parameters to the
amount of drug dissolved at various time points.clbrrelation is more meaningful than that of
Level C as several time points are considered. Uipte Level C correlation relates one or
several pharmacokinetic parameters of intereshéoamount of drug dissolved at several time
points of the dissolution profile. A relationshipagild be demonstrated at each time point at the
same parameter such that the effect onrthavo performance of any change in dissolution can
be assessed. It should be based on at least ibsedudion time points covering the early, middle
and later stages of the dissolution profiles [3T-39

Level Dis a rank order and qualitative analysis and tauseful for regulatory purpose.

Table 1.Various parameters used in IVIVC dependingn the level

Level In vitro In vivo
A Dissolution curve Input (absorption) curves
B Statistical moments: MDT Statistical moments:MRT, MAT ,etc
C Disintegration time, Time to have 10,50,90% disedlv Crax Tmax Kz Time to have 10,50,90%
Dissolution rate, Dissolution efficiency absorbed, AUC (total or cumulative)

This study, however, focuses only on the developroktihe Level A, B, and C IVIVCs.

Applications [37, 41-44]

Level A correlations use all the information of the dissioin and absorption curves, in contrast
to levels B or C. The establishment of a relatigmsmplies the use of many formulations, each
of them giving one pair of data (vitro and vivohel FDA ranked the levels as follows: A Level
A IVIVC is considered the most informative andesommended, if possible.
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Level B correlations are least useful for regulatory psgso It is obvious thdevel B or C
needs more data and, as they do not use all themation related to vitro and vivo behaviour of
the formulation, they are less powerful.

Level C correlations does not allow prediction of the atfperformance of thim vivo product,

it can be useful in the early stages of formulatierelopment when pilot formulations are being
selected or as a production quality control routoreit is useful only as a guide to the
development of formulations.

However, if amultiple Level C correlation is possible, and then a Level A catieh is also
likely and is preferred. Multiple Level C correlatis can be as useful as Level A correlations.

Level D is not a formal correlation but serves as an mithe development of a formulation or
processing procedure

In vivo data are obtained from well-standardized fastedlis$ on healthy volunteers. In
attempting to establish a Level A relationship, thajor point to consider is the sampling
schedule in the “absorption” phase in order to revaccurate representation of the input curve.
Establishing an IVIVC is nothing more complicatdédn trying to reproduce all the complex
phenomena that lead to threvivo release and solubilisation of the API in the guai“simple”

in vitro system like a vessel agitated with a paddle. hirast toin vivo studiesjn vitro methods
are less “standardized,” as USP Apparatus | todMa be used with various media (HCI, simple
buffer, addition of surfactant or enzymes, etcd aarious technical parameters (e.g., volume,
rate).

Biopharmaceutics Classification System (BCS)
The Biopharmaceutics Classification System (Ami@oral., 1995) classifies drugs into four categories
(Table 1), depending on their solubility and perbilig characteristics [35-40].

Table 2: The Biopharmaceutics Classification SystefBCS)

Class | Class Il Class llI Class IV
High Solubility Low Solubility High Solubility Low Solubility
High Permeability] High Permeability Low Permealilit Low Permeability,

According to this scheme, Class | drugs should beenthan 90% absorbed. Class Il drugs are
those with solubilities too low to be consistenthacomplete absorption, even though they are
highly membrane permeable. Class Il is the mimoage of Class Il. These drugs have good
solubility but are unable to penetrate the gut walkckly enough for absorption to be complete.
Class IV compounds have neither sufficient soltypitior permeability for absorption to be
complete. Note, though, that although they ceryadd not possess optimal properties, some
drugs in this category may still be absorbed welbugh to permit oral administration.
Correlation ofin vivo results with dissolution tests is likely to be tokes Class Il drugs, because
in this case the dissolution rate is the primamyjting aspect to absorption. The other case where
good in vitro / in vivo correlations (IVIVCs) are often obtained is wherChss | drug is
formulated as an extended release product, sintesicase; too, the release profile controls the
rate of absorption [43-46].

Solubility criteria defined in present regulatoryuidance for classifying an Active

Pharmaceutical Ingredients (API) as “highly soltbkguires the highest strength to be soluble
in 250ml of water over the pH range of 1-7.5 &G 7therwise it is considered as poorly soluble
[41]. The FDA and also EMEA Guidance define “higlpigrmeable” as having a fraction dose
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absorbed of not less than 90%. The recently adopid® guidelines set a limit of not less than
85% of the fraction dose absorbed, otherwisedbissidered to be poorly permeable.

Biowaiver for BCS Class |

On the basis of FDA guidelines, sponsor can reqoiestaiver for BCS Class | in immediate
release solid oral dosage form, if the drug islstab GIT and having narrow therapeutic index
with no excipient interaction affecting absorptwindrug in the oral cavity. Once a drug enters in
stomach; it gets solubilised in gastric fluid rdpithefore gastric emptying and the rate and
extent of absorption is independent of drug digsmhuas in case of solution. Hence, the goal of
biowaiver is achieved [47].

Biowaiver Extension Potential for BCS Class Il

The rate and extent of absorption of BCS Classugdiepends om vivo dissolution behaviour
of immediate release products.inf vivo dissolution can be predicted froim vitro dissolution
studies,in vivo bioequivalence study can be waivéul.vitro dissolution methods can mimic
vivo dissolution behaviour of BCS Class Il drug andappealing but experimental methods can
be difficult to design and validate because of nendj processes involved [ 45].

Biowaiver Extension for BCS Class Il

If excipient used in two pharmaceutically equivalealid oral immediate release product does
not affect the drug absorption and the productsatiies very rapidly (>85% in 15 min.) in all
relevant pH ranges, there is no reason to belieatethese products would not be bioequivalent.

Approaches for Development of Correlation5, 14-16]

Basically, there are at least three correlatiohrieques available in the pharmaceutical sciences.
Single point, statistical moment and convolution @econvolution techniques are discussed in
terms of the advantages of each along with thetnegipotential utility as a predictive tool for
the user. Since both the deconvolution and conmwlutechniques and the statistical moment
calculations utilize all of the dissolution plasiheael data available to develop the correlations,
they represent a major advantage over the singe gpproach.

Single Point Correlation Technique:

This technique represents the correlation betweendissolution time point e, t 9os €tc.) to
one pharmacokinetic parameter. It is generally aislful as a guide in formulation development
or as a production quality control procedure. leslaot reflect the complete shape of the plasma
level, which is the critical factor that definestperformance of the dosage form. Thus, this
correlation technique is not predictive of actialivo product performance [46, 48]. Level C
correlation can be established by this technique,because of its obvious limitations, it has
limited usefulness in predicting IVIVC.

Smolen co-workers and other researchers [25-28]jtgdiout that since the selection of these
single correlative points is usually arbitrary, théerpretation of the results can be misleading.
More preferable would be the correlation of theirenin vivo response time profile to the
complete dissolution rate time curve. Such con@tatan only result in developing dissolution
tests that predict reliably the time course ofitheivo behavior of the drug.

Statistical Moment Correlation Technique:

The concept of Mean Residence Time (MRT) basedatisscal moments provides one method

for correlatingin viva-in vitro data. The theory of statistical moments is basethe preliminary

assumption that the movement of the individual dnagecules through the body compartment

is governed by probability. Furthermore, the tinoeirse of drug concentrations in plasma can

usually be regarded as a statistical distributiarve [4, 49]. Level B correlation is based on
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correlating mean time parameters that characténzie vitro andin vivotime courses. If a good
correlation exits between the MRT far vitro dissolution and MRT for a suitabia vivo
disposition parameter, then the relatively simpiecpdure of monitoring the dissolution profile
should allow the prediction af vivo availability. By definition, MRT is the averagene a drug
molecule spends in the introduced kinetic spacdeftends on the site of input and the site of
elimination. The traditional area under the plasioacentration time curve (AUC) is one of the
most basic parameters necessary for pharmacokiteicanalysis and is well used as a measure
of drug disposition. MRT is the time when 63.2%a0f intravenous dose has been eliminated.
This concept is similar to the biologic half lifdje time required for 50% of a dose to be
eliminated. MRT may be calculated as the ratio led airea under the first moment curve
(AUMC) to the AUC, where AUMC is the area under theve observed for the product of time
and concentration versus time. The true MRT ofugdin the body may be calculated only when
the actual time course of the amount of drug intibdy is known and is independent of the
details of transport within the body [30, 50]. Maa§ the applications of statistical moment
theory have stemmed from a desire to charactenimg dbsorption in a noncompartmental
fashion. These methods are also applicable to mengeal routes of drug administration other
than the oral route. Some researchers [31, 51] gitgposed mean absorption time as a novel
method to characterize the rate of drug absorghobioavailability studies. Some researchers
[32, 52] extended this theory by virtue of the digdy of various transit times, including the
mean absorption time (MAT), which summarizes theameme for drug molecules to remain
unabsorbed.

MAT = MRTiv — MRTni Eq. 5

MAT is simply the difference in MRT following intv@nous administration (MRTiv) and
another noninstantaneous administration (MRTni)the same manner, the mean dissolution
time (MDT) of a solid dosage form may be determifgdthe difference in MAT for solid
dosage form and a solution of the drug substanterelare some limitations to pharmacokinetic
data treatment using statistical moment theorys&helationships become more complex when
a distribution component or a two compartment masdehecessary to describe the data, and
elimination must be assumed to occur only from ttemtral compartment. A rigorous
experimental design must be used to provide seffickampling during the absorption phase and
more importantly, during the terminal eliminatiohgse. Recognition of these limitations may
preclude any inaccuracies in determination of weripharmacokinetic parameters based on
statistical moment theory. Among others, nonconmmpantal analysis methods based on
statistical moment theory are becoming increasingbpular for rapid data analysis by
investigators.

Deconvolution approach

This involve estimation ofn vivo absorption profile from plasma drug concentratiotime
profile using Wagner Nelson or Loo-Riegelman meth&bsequently the relationship with
vitro data is evaluated. Model dependent deconvolutiethads are based on mass balance. The
approximate equation used in absorption analysistiie two-compartment model was first
published by Loo and Riegelman in 1968. Wagner iphbtl an exact Loo-Riegelman method
for a multicompartment model in 1983. This is agy@hequation for absorption analysis of one-
to three- compartment models [52-54].

In a deconvolution approach, hypothetical drug asée profiles calculated by numerical

deconvolution from the urinary excretion data amedi after per oral administration of the

sustained release tablet formulation (as a respdmsetion) and reference solution (as a

weighting function) were compared with drug relepsefiles obtainedn vitro under various

experimental conditions. The predicted and expertaily obtained drug release profilesvivo
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were correlated using linear regression analysapgotional odds (Eq. 6), proportional hazards
(Eq. 7) and proportional reverse hazards model §kq.

Fil(t) - Filt) Eq. 6
- =u1—
1- Fi2 (t) 1- Fil{t)
1—Fi2(t) =1 —Fi1(£))™= Eq. 7
Log (Fi2(t)) = ailog (Fil(t)) Eq. 8

Where gi corresponds to the constants of proportionalitg &i1 and Fi2 are the distribution
functions forin vitro andin vivo dissolution times, respectively.

However, the rate profile obtained by this procedsrapplicable only for the analysisiofvivo
dissolution kinetics for the test sample. A decduation-based IVIVC model is typically
established using a two-stage approach, i.e., debaion calculation to estimate the time
course ofin vivo absorption and/or release followed by comparisath w vitro fraction
released. The IVIVC is assessed and validated diysstally comparing the predicted with the
observed plasma levels. This convolution based hmgddocuses on the ability to predict
measured quantities rather than on indirectly esttoh in vivd' fraction absorbed and/or
released. Thus, the results are more readily eteadua terms of the effect @ vitro release on

in vivo performances, e.g., AUC, Cmax and duration abowenmim effective concentrations.
Vaughan and Leach also utilized the numerical deglotion method for absorption rate
calculations and the prediction of plasma drugif®ffromin vitro dissolution data. However,
criticized the deconvolution mathematical prediettechnique used by Smolen and other as too
complicated and expensive because it requires apecmputers equipped with Fourier
transform capabilities. Instead, a simpler methadeld on statistical moment theory can be
recommended [55-58].

One stage convolution approach:
Convolution is a model independent method basethersuperposition principle. It computes
the in vivo absorption and simultaneously models ithevitro — in vivo data. In a convolution
approach, cumulative urinary excretion profilesivo were predicted using drug release profiles
obtainedin vitro (as an input function) and mean cumulative urirexgretion data obtained for
reference preparation (as weighting function). phedlictedin vivo profiles were correlated with
mean cumulative urinary excretion profiles obserwed/ivo using linear regression analysis
[59].

Table 3: Development of Correlation

Step 1: Estimate then vivo absorption or dissolution time course using anrappate
TWO STEP technigue for each formulation and subjects.

APPROACH Step 2: Establish link model betweein vivo Predict plasma concentrations from
in vitro using link model.

Predict plasma concentration from am vitro profile using a link model whose
parameters are fitted in one step

i. Do not involve deconvolution

ii. Link model is not determined separately

iii. Can be done without reference like 1V bolus.

n

ONE STEP
APPROACH

Two stage methods allows for systematic model agreent while one stage obviates the need
for administration of an intravenous, oral solution IV bolus dose. Mostly IVIVC models
developed are simple linear equation betweevitro drug released and vivo drug absorbed.
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But sometimes these data can be better fitted g usnlinear models like Sigmoid, Weibull,
Higuchi or Hixon-crowell [ 60].

Deconvolution versus Convolution Approach:

Deconvolution approach represents a valuable twahe identification of drug producits vivo
dissolution kinetics. However, convolution compigas are needed in order to predict drug
productsin vivo behaviour based on its vitro drug release data. Although both approaches may
be used in the course of IVIVC development, contiotuapproach resulted in a higher level of
correlation and was less sensitive to the diffeesnim drug release kinetics obtained under
various experimental conditioms vitro [60-63].

Dissolution Methodologies, Apparatus and Classifid&on

To design and develop dissolution methodologieszelbas to derive complementary statistical
techniques for unbiased dissolution profile comgmrj USP 27 & NF22 (11) now recognize
seven dissolution apparatus specifically and dessnwith allowable modifications in detail. The
choice of dissolution apparatus should be consitldtging the development of the dissolution
methods, since it can affect the results and duratf the test. The type of dosage form under
investigation is the primary consideration in appas selection. The compendial apparatus for
dissolution as per USP are: Apparatus 1 (rotatingkét), Apparatus 2 (paddle assembly),
Apparatus 3 (reciprocating cylinder), Apparatudldw-through cell), Apparatus 5 (paddle over
disk), Apparatus 6 (cylinder), and Apparatus 7ifnexating holder) [3, 64].

The European Pharmacopoeia has also adopted sothe apparatus designs described in the
USP, with some minor modifications in the specitiimas. In the European Pharmacopoeia,
official dissolution testing apparatus for specddsage forms (medicated chewing gum,
transdermal patches) have also been incorporatadle T4 shows the different dissolution

apparatus [65-66].

Table 4: Apparatus classification in the European Barmacopoeia for different dosage forms

Dosage Form Apparatus

Paddle Apparatus, Basket Apparatus, Flow| —

Solid Dosage Form Through Apparatus

Disk Assembly Method, Cell Method, Rotating

Transdermal Patches Cylinder Method

Special Dosage Forms Chewing Apparatus (Medicated

Chewing Gums) Flow-Through Apparatus

Dissolution Medium

The most important parameters which are considinedimulatingin vivo conditions are pH,
buffer composition, buffer capacity, temperatureJume, hydrodynamics etc. Four suitable
media for simulating the composition of proximal {&ct are SGF plus surfactant (fasted state /
stomach); long life milk, 3.5% fat (fed state /sth); FaSSIF (fasted state / small intestine) and
FeSSIF (fed state / small intestine) [67, 68] .

Typical surface tensions in the stomach in theethstate are on the order of 35—45 mN/m [69].
In order to simulate these conditions, a suitabhéastant can be added to the medium. Milk has
been proposed to mimic gastric conditions afterinmtake [68] since the ratio of carbohydrate:
protein: fat is similar to that of a typical WestdfaSSIF, the medium used to represent fasted
state in the proximal small intestine, containshagphate buffer to achieve a pH of 6.5 and a
buffer capacity of 10 m Eq per.
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Non-compendial media have shown better IVIVC as mamed to Compendial media which is
listed in the official monographs. Hence non-contpa@inmedia have been proved to have
discriminating power and are widely used. Basi¢cgily increases from small intestine to large
intestine (pH 6.7- 8) due to which dissolution itegtof extended release drug product should be
carried out throughout entire physiological pH rarf§.7- 8). lonic strength of dissolution media
also plays a vital role in dissolution testing. dgresent in the food and food induced secretions
in G.I.T causes changes in ionic strength of Auidf Buffer capacity has importance in
dissolution testing of formulation that containgdazor basic excipients.

In vitro Dissolution Profile Comparison

Where applicable, the similarity factog {65, 66) was calculated to indicate similarity of
dissolution profiles under different test condisohe $ value was calculated as follows in eq.
9:

f, =50log[(1+ - X7y (Rt— To) Eq. 9

Where log is logarithm base 10, n is the numbesaofipling pointsy is the summation over all
time points, and Rt and Tt are the cumulative peegge dissolved at each of the selected time
points of the reference and test product, respagtivWhen the two profiles are identical, 5
100. An £ value greater than 50 was the criterion for sintjtdbetween two dissolution profiles.

IVIVC of controlled release formulations

Controlled release formulations are linked to non4ihear IVIVC

One would expect that all of these non-linear IVIgtidies correspond to immediate release
formulations of sparingly soluble compounds. Swipgly, this is not true. A significant
proportion of non-linear IVIVC studies concern aatied release formulations [44], although
these are supposed to be engineered to performimwtiat respect. This discrepancy is due to
the dramatic differences of the vivo conditions to anyn vitro experiment, regardless of the
efforts to simulate the former with the latter aglistically as possible. These differences are
related to the properties of the gastric fluidsghsas composition and pH. The distinction is
especially notable, as these are spatially hetermmes and are altered by the presence of food,
the mechanical conditions imposed by the physiglogych as complex motility and
hydrodynamic patterns, and also other factors tdedback mechanisms and the synergistic
effects of the interplay of various factors. Sindeat is importantn vivo is not the release itself
but the entire absorption process, factors that nmaynfluence the release rate but influence the
final pharmacokinetic profile also contribute taetbbserved variability and the discrepancies
between then vitro and the anticipatenh vivo performance of controlled release dosage forms
[45].

Anomalous diffusion-fractal / fractional kinetics
In the majority of cases, the release device ctsithe molecular diffusion of the drug molecules
in and/or surrounding the delivery system.

This category includes the following pre-prograndndelivery systems:
(i) polymer membrane permeation-controlled drugveey systems;
(ii) polymer matrix diffusion controlled drug debwy systems;

(i) polymer (membrane/matrix) hybrid-type drugligery systems; and
(iv) microservoir partition controlled drug deliyesystems [46].
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While underin vitro conditions, the performance of these devices g veproducible and the
variability observed is quite low, under vivo conditions, under-stirring and the heterogeneous
properties of the medium, change the topology efehvironment and influence the diffusion in
the matrix, altering the kinetics of drug releasmlike the well stirredin vitro experimental
conditions, where the concentration of the medigncdnsidered homogeneous, uniterivo
conditions, due to the composition of the mediumepletion zone may be developed around the
device that alters the kinetics inside the devisevall. It has been shown that in constrained,
under stirred spaces diffusion of materials folladverent laws than the classic Fickian law.
These give rise to the so-called anomalous kinéticsmphasise the deviation from the classic
case [47]. Although anomalous kinetics have beesd ue describe then vitro drug release
inside the device [48], this type of kinetics mayemd outside the device as well as in a space
which is wrongly assumed to be well stirred. Anomoal kinetics has been described by
employing concepts of fractal geometry to accouwont the fact that due to the prevailing
conditions, the space appears as if it has geonoétigwer dimensionality than the Euclidean
space [49]. In fact, Monte Carlo simulations haeerbused to study drug release for Euclidean
and fractal geometries and found that the Weibwileh provides an adequate description of the
release process [50-59]. Undervivo conditions, the topological differences of the meddo

not remain constant for the entire process of sgleand they vary in time and along the different
parts of the GI lumen. They are also affected leyptesence of food and mechanical influences,
such as the intestine motility, since this act t@sirsy. Efforts to describe mathematically the
anomalous kinetics include fractal kinetics withyeo law and time dependant rate coefficients
[60]. Also more recently, attempts with differemhtejuations of fractional order, the so-called
fractional kinetics, have appeared [61] to descaibemalous kinetics, where the fractional order
of differentiation is also related to the geomatfythe space. It is interesting to note that the
fractional version of a constant rate process gnassto a power law solution, when integrated
[62]. Therefore, it is plausible that a processchhappears to have a constant rate under well
stirredin vitro conditions, becomes anomalous (power law) undestcainedn vivo conditions.
This could be described in the context of fractidaaetics simply by changing the order of the
derivative in the differential equation.

Mechanical-dynamical factors cause variability

Further to the alteration of the release kineticgivo and due to the differences of the properties
of the medium, mechanical properties imposed bypthesiology and the anatomy are important.
Apart from intestinal motility and its contributiono stirring of the GI contents, the
hydrodynamic properties such as the flow, whictedsines the residence time of the device and
also its location in the GI lumen, may be importg&]. The presence of food delays flow and
alters the entire transit profile. This is impottagspecially for drugs with site dependant
absorption, as the residence profile of the devwscaltered which results in the drug being
released in parts of the GI with limited absorptiorcluding the stomach [64]. Although this
altered transit profile may not influence the rekapattern itself, it influences the
pharmacokinetic profile and contributes to the obseg variability and departure from tle
vitro performance. In the same vein, gastric emptying &so have a role in the observed
pharmacokinetic variability, especially since théseevidence of feedback mechanisms with
some drugs [65] and also complex behaviour of tiieatectric complex controlling the function
of the pylorus [66]. The latter has been also regabto exhibit chaotic behaviour [66].

Synergistic actions produce complex behaviour

It is common in a multi factorial system that thy@ergistic effects of its components may give
rise to emergent behaviours that cannot be exmlaime the individual behaviours of the
components. Studying these systems in the clasdiectionist approach may result in missing
some of its properties. It is the interactions lod tifferent components that give rise to these
additional properties of the system. There is awdethat the GI may present such properties
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and some of its components may form a dynamicdkesy$45] with complex behaviour as a
result of the interaction of these factors. We adse mentioned that there have been reports of
chaotic behaviour of the myoelectric complex. Amotpotential example of such a synergistic
behaviour consists of three tightly interacting mjitées: the drug concentration, food and biliary
secretion. It is well known that the consumptionaomeal rich in fat, stimulates alterations in
gastric pH, secretion of pancreatic enzymes, ammption of lymphatic transport and
stimulation of biliary lipid release from the gddbdder. The basic components of biliary lipids,
namely, bile salts, phospholipids and cholesterointe the formation of colloidal species
within the small intestine, which aid the solukalibn of the poorly-water soluble products of
lipid digestion, e.g., fatty acids as well as erdgeathe solubility of the poorly-water soluble
drugs. The exact structure and function of the dynal system food/ biliary lipids/drug is
unknown; however, a recent study [64-67, 70] dertrates that even relatively low quantity (2
g) of long chain lipids stimulated gallbladder aaction and elevated, variable intestinal bile
salt, phospholipids and cholesterol levels. Althoube variability was mainly attributed to
classical randomness (subject to subject variatioa)second reason quoted on the difficulties
associated with effective duodenal sampling is niksly linked with the heterogeneous spatial
composition of the intestinal fluids. Besides, thexillatory nature of the concentration—-time
plots of the biliary derived lipids in the intessifumen might be indicative of the dynamics of
the system. For all above mentioned reasons weueethat then vitro measurements of drug
solubility in food mimicking media or bile salts igprelevant media) cannot capture the
dynamics of thén vivo conditions. Due to the multiple interactions amdimg components of the
system involved, a reductionist approach focusinglusively on the drug/ biliary lipids
interaction cannot unveil the entire picture. Causmmtly, more carefully designed vivo
studies are required to shed light on the funatibfood/ biliary lipids/drug dynamical system.

CONCLUSION

In conclusion, we believe that the variability betGIl can be explained at large by contribution
from dynamical sources, such as feedback mecharasshsomplex behaviour, resulting from
the interaction of the different components. Aldme altered topological properties of the Gl
contents seem to be particularly important for culgd release dosage forms, as these
properties change the release rate from the dedim&ever, one thing is clear; there are still too
many unknowns in the Gl system. This is the maasoe why the discrepancies betwéen
vitro behaviour and the observad vivo performance, together with the corresponding
variability, are treated as random noise and lattempt is made to explain them systematically,
in a mechanistic way. More research, with expertalestudies with emphasis an vivo
techniques and also applications of new theory withel mathematical approaches is needed, to
shed light on the processes iaf vivo release, diffusion, transit and absorption, sd tha
discrepancies with the well describedvitro experiments can be explained [69-72]. In parallel,
investigators should be encouraged to submit fobligation non-linearly correlated or
uncorrelatedn vitro andin vivo data. This will enable a better understandinghef factors
involved in this exercise.
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