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Summary

This paper proposes methods to test whether marketed or newly developed
controlled-release drug products are functioning in the manner indicated by the
formulation and product literature. Typical controlled-release preparations are sup-
posed to release part of the dose immediately, the amount should be essentially
consistent with a conventional release single-dose product. and the rest of the dose at
a constant (zero-order) or nearly constant rate. These release patterns can be
effectively evaluated by calculation of a controlled-release effectiveness (CRE)
parameter and an absorption rate effectiveness (ARE) parameter described herein.

Introduction

A large number of orally administered marketed drug products are being tested
for marketing as controlled-release products. The term “controlled-release™ implies
that some modification is made upon the dosage form tc develop a longer-acting
oral dosage form (Ritschel,-1973). One classification of these dosage forms advocates
3 basic types of controlled-release products: (1) sustained release: {2) repeat action;
and (3) prelonged action dosage forms (Ballard, 1980). Formulating drugs into these
types of systems has been described as having a two-fold advantage: it is a
convenience to the patwnt .1 reducing the number of doses while improving
compliance, and it improves therapeutic management by provision of more constant
plasma levels of the drug. Ideally, a candidate drug for controlled-release will be a
chronically administered product having a relatively short elimination half-life and a
clearly defined minimum therapeutic concentration {Gibaldi and Perrier, 1975). Also
the dose should be relatively srali with the drug being well absorbed throughout the
gastrointestinal tract. A recently published book provides a framework for assessing
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a specific drug’s candidacy for a sustaired (controlled) release system (Robinson.
197%). In addition. the book provides a plan of attack to use in formulation of such
drug delivery system.

Few discussions of solely bioequivalency or methods to access bioequivalency.
between different formulations of a drug in controlled-release products exists in the
Iterature. Bioeguivalency of such products is not as clearcut as bioequivalency of
standard regular-release drug products because of the variation in product construc-
tion. Additionally there seems to be somewhat different approaches to the con-
trodied-release formulation with regard to how it should dissolve und be absorbed in
vivo. However. the clinician (and patient) expects the therapeutic (and pharmaco-
kimeticy activity to remain unchanged. Also. it is of value to know how effective a
vontrolled-release product is compared to the blood levels produced by a regular
selease formulation of that drug.

This manuscript describes some of the more important dosage form parameters.
ohtamable from both in vitro and in vivo investigations and describes how these
parameters can be used for the evaluation of controlled-release drug products. These

parameters should apply to both innovator and generic controlled-release dosage
fosrpes

Background

While the advantages of controlled-release dosage forms are reasonably estab-
bhed. the approaches to providing this type of drug release produces a widely
ivergent array of products (Ritschel. 1973). This fact coupled with the wide inter-
and ntra-subject vanability found in gastric transit time. drug absorption, and
mowvaslabihity parameters in general. has given rise to much indecision regarding the
utifits of and the means to evaluate such dosage forms.

The Food and Drug Administration requires that controlled-release drug prod-
ucts defiver the drug as claimed (i.2. in a “controlled” manner. which precludes the
persssbthits of any dose-dumping effects). In addition the agency requires thesz
products to provide steadv-state performance comparable to marketed non-con-
trofled refease products given in multiple doses (of an equivalent daily amount). and
to praduce consistent pharmacokinetic performance between individual dosage units
tFederal Register. 1977).

An cvamnation of the literature vields a considerable number of references
deabing with controlled-release products but few dealing with product or interprod-
uet eraluation. Wagner (1971) cites over 150 references on controlled-release drug
preducts. Within the text on controlled-release products Robinson cites a large
number of articles with regard to pharmacokinetics after controlled-release product
sdmnsstration and strategies for developing of such products, but few articles
deubing with 1 sitre and /or in vivo test methodologies. The Ritschel review
drseusses the theoretical release of drugs from various types of controlled-release
dimage forms. Sjogren (1971 has discussed the difficulties of using in vitro methods
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ter wvafuate the performance of this type of product. He noted the need for
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reproducibility of in vitro methods as well as the need for caution in the application
of such data. A number of in vitro methodologies have been used as a means of
evaluating controlled-release preparations: most of these methods have ignored the
necessity of correlation with in vivo parameters (Wagner. 1971).

Since most articles dealing with controlled-release concentrate solely on phar-
macokinetics, in vitro release rates, or types of construction (and as Gibaldi and
Perrier point out, there are relatively few zero-order release products on the market),
there is a paucity of information relating to methods for assessing the achievements
of the product. How should a drug product not previously manufactured as a
controlled-release product be assessed? How does the new product compare versus
the regular-release product? Should the new controlled-release product be compared
to multiple doses of regular product? Should in vitro assessment be carried out?
What goals and parameters should be measured? If different types of controlled-re-
lease construction for the drug are already on the market. how should a new
controlled-release form of the same drug be assessed? Is in vitro testing alone
sufficient? Should the regular-release product be included in in vivo and /or in vitro
(cross-over) studies?

Theoretical

The first step in the assessment of controlled-release products must start with 2
statement of the therapeutic goal of the controlled-release product. This statement is
best formulated in terms of a desirable, or an effective. or a therapeutic blood level
of the drug entity. In most cases the blood level goal for the controlled-release
product is compared to blood levels obtained from a non-controlled (regular) release
product given sequentially.

In this paper two parameters are suggested for evaluating the controlled-release
product: (1) the length of time a controlled-release product maintains a desirable
(effective, therapeutic) blood level actually quantitated via an area measuremen:;
ard (2) the rate with which the controlled-release product reaches the desirabie
(efiective, therapeutic) blood level.

The assumptions associated with these evaluation parametars are as follows.

(1) The desirable (effective, therapeutic) blood level is defined as a concentration
range varying from the trough level, reached just prior to the time when the second
dose of that product is normally given, to the maximum concentration observed.
generally following the second dose of the regular release product. Alternatively this
range may be the known therapeutic range for the drug entity.

(2) A correlation exists between the dissolution rate of the drug product (con-
trolled release or regular release) and the apparent absorption rate of the product, as
measured by in vivo studies.

Fig. 1 illustrates the parameters utilized in this study. C,;, is the initial blood
level trough in a sequential administration of a regular release dosing regimen. C,
is the maximum blood level for a sequentially administered regular-release product
(or steady-state concentration, in multiple dosing studies). R,, is an apparent
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Fig. 1. Comparative curves for regular-release (RR) drug product (administered at 0 and & h) and
controlled-release (CR) product {administered at 0 h) showing the respective areas under the curves above
«nd below C,, and C,,,. respectively. The C,,, and C_,, are obtained from the regular-release product
administered twice: see text. Also the times the two products reach C ;... invelved in determination of
absorption rate effectiveness. are shown.

absorption rate based on in vivo studies which measures the time necessary for a
given dose of drug to first reach a C,;, blood level concentration.

AUC,_ s the area under the blood concentration-time curve within the desirable
(effective, therapeutic) blood concentration range (see Fig. 1). The superscript refers
to controlled release (CR) or regular release (RR) product. The AUC, value
measures the area under the blood concentration-time curve only within the
desirable (effect. therapeutic) concentration ranges of the drug. Therefore. the area
below or above the desirable range is not included in the evaluation of drug
effectiveness. Area above C,,,, in the controlled-release product can be used to
measure “dose-dumping™ for a product. The area below C, ,, s assumed to be
therapeutically ineffective. Therefore, controlled-release products which show equiv-
alency in total amount absorbed to a regular-release product may be completely
inceffective therapeutically because blood levels never reach C,,, .. in the beginning of
a hypotheticallv desirable blood level.

An important estimate of produrt effectiveness would be the determination of the
CRE (controlled release effectiveness) defined as the ratio: CRE = AUC{R JAUC SR,
Values close to 1 indicate that a single dose of a controlled-release product is
equivalent to multiple-doses of the regular-release product. CRE can be a useful
parameter for the assessment of controlled-release product efficiency.

Another parameter useful for the comparison of controlled-release to rejular-re-
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lease products is the ratio of times taken to reach the C,,,, here designated R, . The
term R, is calculated for the controlled-release (CR) and regular-release (RR)

ORI D S - . =
product as follows:

R(_;? 1 Cm[n and RKK len
TCR TRR

Thus the absorgtion rate effectiveness (ARE) may be determined as the previous
ratio: ARE = R{R /RRR which may be further reduced to:
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Again, values close to 1 indicate that a single dose of a controlled-release product
reaches effective concentration in blood at the same rate as the first dose of a
sequential regimen of a regular-release product.

The overall effectiveness of the controlled-release product (E) (effectiveness) is the
weighted sum of the two effectiveness parameters: E = a(CRE) + b(ARE), where a
and b are the weights (a + b = 1) placed upon each of the effectiveness parameters
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This implies then, that based upon a specific drug’s best use. a specific indication or
therapeutic response desired, or a company or individual policy decision, the a and b
terms may not be 0.5 in all instances.

The actual procotol to be used in controlled-release dosage form assessment
would be dependent upon one of the following premises.

(1) The controlled-release dosage form is a new product. Assuming that a drug
product currently marketed in regular-release form meets the criteria for develop-
ment of a controlled-release oral system (e.g. see Robinson (1978) or Wagner (1971))
certain procedures need to be performed. The assessment must be completed via an
in vivo protocol. A two-way cross-over study, in human subjects, comparing the
controlied-release product (single dose) with the reguiar-release product is ne« sssary.
Since one has the expected modification of blood levels and the length of time of the
dosing interval for the conir Heu-rexease product in mind, the controlled-release
product should be compared to an equivalent administered amount of the regular-re-
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is, the regular release product may be administered at 0 and 6 h (i.e. a normal Q6H
product) and this may be compared to the controlled-release product given at 0 h
{i.e. a Q12 H product).

If the initial single dose of the regular-release product produces blood levels
greater than the minimum effective concentration (this 1s not likely since most drugs
accumulate to some extent and a number of doses must be taken for effective and
steady-state levels to be reached), then this concentration can be used to assess the

controlled-release effectiveness, as shown below. If a minimum effective drug
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concentration is not attained, the minimum at 6 h (i.e. trough level just before the
subsequent dose of the Q6H drug) should be chosen for assessment of controlled-re-
lease effectiveness. Alternatively, some arbitrary drug concentration may be ex-
amined for the lower range. Additionally a C_,, can be defined as the maximum
concentration measured. most likely after the second dose (given at 6 h) of the
regular-release product. These two concentrations are used to determine the effecti-
veness of the controlled-release product based on the cross-over study over the 12 h.

The controlled-release effectiveness (CRE) may be assessed by calculation of
AUCs above C,,,, and below C,,,, for both products as shown in Fig. 1, AC is
simply the range from C,; to C_,,. The areas within this range for both products
are calculated and the CRE is reported as a ratio. Fig. 1 also shows the R,
parameter for both dosage forms. This is simply the time taken to reach the C_,, for
both products. The absorption rate effectiveness (ARE) may be calculated from
these times.

(1a) The controlled-release dosage form is a new product and the manufacturer
whishes to conduct multiple dose studies. Such studies may confirm data gathered in
the single-dose studies above and thus may be considered proof that the controlled-
release product is effective: however, such multiple-dose studies should not be
obligatory. The indicating ratio, CRE, may be obtained from steady-state dosing
studhies using similar C . and C,,, concentration limits of the regular release
dosage form, here usually referred to as C;, and C,,,. Likewise CRE ratios of
approximately 1.0 would indicaie an effectively formed controlled release dosage
form.

While one or both of the above in vivo studies are being performed in vitro
dissolution studies should also be examined. Such studies can be designed to
determine the dissolution method and experimental conditions providing significant
correlation with the in vivo behavior The development of an in vitro dissolution
specification which would show correiation with the in vivo result requires the use of
several dissolution apparatuses and variable conditions, e.g. media, agitation, etc.
¢ Needham and Luzzi. 1974; Needham et al.. 1978). Initial work in these laboratories
has shown that statistically significant and physically meaningful correlations or
comparisons between in vitro-in vivo data can be made if one examines the rate to
peak (both peak blood level (C ) and maximum amount dissolved) instead of the
absolute absorption rate (k). which may be hard to assess with many experimental
protocols. The in vivo data must be transformed from blood level-time data to fit a
model for any upward sloping asymptotically limited curve, eig. C=1L (1 —e )
where C 1s the concentration. L is the limit (either amount in dosage form. or the
€., 0 and k 1s the rate constant reflecting release of drug (in vivo and in vitro).
Muaking these rates equivalent. rate to maximum amount dissolved and rate to
maumum blood level. enables comparisons 10 be made. Although the usual methods
of correlating in vivo-in vitro parameters of selected controlled-release drugs uses a
comparison of percent dissolved with perceni absorbed (Graffner, 1974). a more
physically meaningful and generally applicable correlation would be the rate to peak
blood concentration vs dissolution rate, or AUC vs dissolution rate, or peak blood
voncentration vs drug dissolved at various times. albeit a sound dissolution in
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controlled-release dosage form manufacture and modification.

(2) A generic controlled-release product is proposed and insufficient information
is available on dissolution specifications used by the innovator. If these are the
conditions which exist, it would be imperative that the prospective manufacturers
conduct an in vivo study as described above (1). In addition, the dissolution testing
method, as outlined above, should be generated with the appropriate correlations
made (i.e. rate to peak in vivo vs rate to peak dissolution, etc.).

Fig. 2 is a theoretical representation of what most successfully formulated
controlled-release products would look like when compared to multiple (two) doses
of regular-release drug product. As stated previously some controlled-release prod-
ucts may not look like this even in the ideal case since diurnal variation or other
physiological factors may play a role. Fig. 2 depicts the situation where the C areas
for both products would be approximately equivalent as well as being the absorption
rate effectiveness parameter. The inset in Fig. 2 depicts a poorly formulated
controlled-release product.

Application

Applying the above methods to previous reports by the authors for chlor-
pheniramine controlled-release and regular tablet dosage forms (Kotzan et al., 1982)
yields approximately what would have been predicted for these controlled-release
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Fig. 2. Theoretical ideal performance from an oral controlled-release dosage form compared to two
regular release administrations (at 0 and 6 h); CRE =1.0. Inset shows a poorly formulated conlrolled-n’:-
lease drug product, hzre CRE is very small { < C.1). The assumption is made that the total dose is
equivalent (e.g. S0 mg of regular-release product at 0 and 6 h and 100 mg of controlied-release product at
0 h).
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dosage forms of chlorpheniramine. The 4 mg chlorpheniramine tablet, given at 0 and
6 h. gave a minimum of 3.8 ng/ml at 6 h; this was the C_; , used. The C_,,, from the
4 mg tablet occuried 2 h after the second dose (i.e. at 8 h time elapsed). Calculation
of the CRE (controlled release effectiveness) based on areas above and below C,_ ;|
and C_ . respectively, for the two controlled-release products studies gave the
following results (for data see Kotzan et al.). 2 X4 mg tablet, AUCRR =26.425

ng-h/ml

8 mg coated bead product. AUCSE = 12.690 ng - h/ml or CRE = 0.48

8 mg repeat action tablet, AUC{® = 17.205 ng- h/ml or CRE = 0.65

As previously mentioned the optimum or highly desirable CRE and ARE should
be near 1.0. Both chlorpheniramine controlled-release products studied gave de-
creased CRE values since their initial release was delayed (moreso in the coated bead
product than the repeat action). The calculated ARE for these products are 0.45 for
the coated beads and 0.38 for the repeat action tablet. The effectiveness, E. of these
controlled-release products. assuming the weights are equal (i.e. a=b=0.5), are
¥ = 0.47 for the coated bead product and E = 0.52 for the repeat action tablet.

Examination of the literature produces a number of reports dealing with pro-
camamide slow-release (i.e. controlled release) dosage forms (Dahl et al.. 1976;
Arstila et al.. 1974: Graffner et al.. 1974). Graffner ei al. (1975) employed a protocol
where procainamide slow-release was administered every 8 h and regular release
eversy 4 h. Although the raw blood level data were not given, estimates of CRE were
made from their figures after single dose administrations (i.e. 0 h for controlled-re-
fease product 0 and 4 h for regular) and multiple-dose administration, at the
steady-state. The computed CRE is given below for the single-dose administration.

Procainamide. regular release tablet. AUC{R =155 pg-h/ml

Slow release. tablet A, AUCS® = 141 pg-h/ml or CRE = 0.81:

and for the steadyv-state case.

Regular tablet. AUCRR = 176 pg- h/ml

Stow release. tablet AL AUCER = 162 pg- h/ml or CRE = 0.92.
Fie ARE ratio appeared 1o be near 1.0—in both cases. It can be readily seen from
this estimate of the data that the slow release formulation (table Ay was approaching
a theoretically completelv effective controlled release of procainamide. and that
sl agreement of CRE from single- and multiple-dose studies resulted. The
cficctiveness. E. for the procainamide products appears to be about 0.95 following
~ingle or multiple dosing of the controlled-release drug. 1t should be pointed out.
hewever. that in both the single- and multiple-dose studies the C,,,,, and C,,,, used
i compute CRE were obtained from the regular release minima (before second dose
admistered). This s so even though procainamide is a drug with a well defined
therapeutic range of 4 1o 10 pg /ml (Koch-Weser and Klein. 1971). At the doses used
i thew work Graffner et al. administered 3 g/day (i.e. 500 mg Q4H or 1000 mg
€%H). The procamamide blood levels reported agree well with the other workers
usting simtlar dosing (Dahi et al. 1976: Arstila et al.. 1974). This implies that to be in
the therapeutic range more drug would have to be administered: the subtherapeutic
problem does not bie in the dosage form.
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Conclusions

There is a great level of current interest in controlled-release drug delivery
systems. This most likely results from a desire for better therapeutic efficacy. With
the increased interest in manufacture and marketing of oral controlled-release
products should also come an increase in research methodologies used to formulate
and evaluate such products. Some ideas for formulation strategies have recently been
published along with the pharmacokinetic considerations involved in such product
design (Robinson, 1978). This paper proposes methods to test whether a newly
developed controlled-release product is functioning in the manner indicated by the
formulation and product literature. It has been claimed that controlied-release
preparations should release part of the dose immediately (the amount should be
essentially consistent with regular-release single-dose product) and the rest of the
dose at a constant (zero-order) rate (Nelson, 1957; Robinson and Eriksen. 1966;
Dobrinska and Welling, 1975). This concept can be evaluated in practice by
calculation of the controlled release effectiveness (CRE) and absorption rate effecti-
veness (ARE) described herein.
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