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Summary 
- - 

This paper proposes methods to test whether marketed or nefvly developed 
controlled-release drug products are functioning in the manner indicated by the 
formulation and product literature. Typical controlled-release prep~~rat~ons 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 “c~rrtrolled-release” implies 
that some modifica~ti~on is made upon the dosage form tcs develop a longer-acting 
oral dosage form (~tschel,.l973), One classification of these dosage forms advocates 
3 basic types of controlled-release products: (1) sustained release: (2) repeat action: 
and (3) prolonged 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 ;pat&x: i I reducing the number of doses while improving 
compliance, and it improves therapeutic ma.nagement by provision of more constant 
plasma levels of the drug. Idealfy, a candidate drug for controlled-release will be a 
chronically administ.ered product having a relatively short elimination half-life and 3 
clearly defined minimum therapeutic concentration (Gibaldi and Perrier, 1975). Also 
the dose should be relatively small with the drug being well absorbed throughout the 
gastrointestinal tract, A recent& ~ublisbed book provides a framework for assessing 
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tfic drugFs candidacy for a sustained (controlled) release system (Robinson. 
fn addition. the book provides a pitan of attack to use in formulation of such 
liver?; system. 
discussions of sslel~ bioequivalency or methods to access bioequivalency. 

twe~n different formulations of a drug in controlled-release products exists in the 
~~t~r~t~~re~ ~~~ujv~~len~ of such products is not as clearcut as bioequivalency of 

far-relet_se drug products because of the variation in product construc- 
ally there seems to be somewhat different approaches to the con- 

~~~~~~~d~rele~~~ formulation with regard to how it should dissolve shnd be absorbed in 
vioar. flovzver. the clinician (and patient) expects the therapeutic (and pharmaco- 
k~~et~c~ ;tctivity to remain unchanged. Also. it is of value to know how effective a 
~~~~tr~~~ed-r~l~se product is compared to the blood levels produced by a regular 
re~~~~ formulation of that drug. 

is manu_script dc.scrihes some of the more important dosage form parameters. 
~~~t~~~~~~~~e from both in vitro and in vivo investigations and describes how these 

tern can be uxd for the evaluation of controlled-release drug products. These 
ECP+ ~~~~~~~d appfy to both innovator and generic controfled-release dosage 

r!c rhc ~~d~a~t~;~c~ of c~~ntrolled-release dosage forms are reasonably estab- 
prcraehee to providing this type of drug release produces a widely 

a~+ of products (Rit.schel. 1973). This fact coupled with the wide inter- 
ect ~ar~ab~~jt~ found in gastric transit time. drug absorption. and 

rhtv ~~ram~ter.~ in general. has given rise to much indecision regarding the 
he mean.* to evaluate such dosage forms. 

tend Drug Administration requires that controlled-release drug prod- 
u~tc d&rer the drug as claimed ii.;. in a “controlled’” manner. which precludes the 
~~~~~~~~~~~ of ;tny dads-dumping effects). In addition the agency requires these 
~~~~~~~~t~ 6~ ~F~~~~~~ ~~c’acI~-~~a~c p~~rf~rmance comparabfe to marketed non-con- 
~~~~~~~~~ F~~~~~~ ~~~~~~t~ given m multiple doses (of an equivalent daily amount). and 

uc~ cc~n+&tcnt pharmacokinetic performance between individual dosage units 
I Rq$irri. I977), 

.4w ~~~~~~~~~~~~ of the literature yields a considerable number of references 
~~~~~~~~~ ~kith ~~~~tr~ll~-rele~~ products but few dealing with product or interprod- 

~~~~~~~$~. /Vagner f 1971 J cites over I50 references on controlled-release drug 
W&in the text cm controlled-release products Robinson cites a large 

~~~~~~ (4 sstt&~ uith regard to pharmacokinetics after controlled-release product 
~~~~~~~tr~~~~~~ and strategies for developing of such products, but few articles 
%~~~~~~~~ V4 it rn titro arid,):::: in viva test methodolo@es. The Ritschel review 
L!LW.~VXFF the ~~c~~r~ti~~~ release of drugs from various types of controlled-release 
8.8. r-,J’?h’ f(*rm~ S~tsgr~~ l i”P?I ) ha> discussed the difficulties of using in vitro methods 
!ri C=;&& the p~rf%~~n~s of this t>pe of product. He noted the need for 
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re~r~ucibility of in vitro methods as well as the need for caution in the application 
of ;uch 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-rr- 
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 aic;ne 
sufficient? Should the regular-release product be included in in vivo and/or in vhtro 
(cross-over) studies? 

Theoretical 

The first step in the assessment of controlled-release ~lr~u~ts must start with a 
statement of rhe therapeutic goal of the controlled-release product. This statement i:, 
best formulated in terms of a desirable, or an effective. or a therapeutic blood IevcE 
of the drug entity. In most cases the blood level goal for the controlled-relea,;r 
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 desirahie 
(effective. therapeutic) blood level actually quantitated vlja an area measurement: 
and (2) the rate with which the controlled-release product reaches the desirab!s 
(eit ective. therapeutic) blood level. 

The assumptions associated with these evaluation para*~~+~~~~ 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 b?f in vivo studies. 

Fig. 1 illustrates the parameters utilized in this study. Cmin is the initial blood 
level trou,gh 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. I. C-<rmparative surves for regular-release (RR} drug pmdutt (administered at 0 and 6 h) and 

cr~ntrotled-release (CR) prt)duct (administered at 0 h) showing the respective areas under the curves above 

.VI~ hrlnu C,,, and CmJx. respectivciy. The C,,, and C,,, are obtained from the regular-release product 

administered twice: see text. Also the times the twn products reach C,,,,. involved in d~terminati#n of 

&.orptit~n ratr effectiveness. are shown. 

rrhsorption 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. 

AUCJL is the area i;nder 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 
&Grahle (effect. th~~peutic} c~~nc~ntration ranges of the drug. Therefore. the area 
Mow 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 
meiisure “dose-dumping” for a product. The area below C,,,,” is assumed to be 
therapeutically ineffective. Therefore, controlled-release products which show eyuiv- 
rrlency in total amount absorbed to a regular-release product may be completely 
incffecrive therapeutically because blood levels never reach C,,l,,l. in the beginning of 
LI hypothetically desirable blood level. 

An important estimate of prodtxt effectiveness would be the determination of t!te 
(‘Kt;. Icontrolled release effectiveness) defined as the ratio: CRE = AUC:‘K/AUC~~,K. 
Values close to 1 indicate that a smgle dose of a c~~ntr~~lled-release prodt:zt is 
equivalent to multiple-doses of the regular-release product. CRE can be a clseful 
paramerer for the assessment of controlled-release product efficiency. 

Another parameter ustiful for the comparison of controlled-release to rel:.ular-re- 



lease products is the ratio of 
term R,, is calculated for 
product as follows: 

times taken to reach the C,,, here designated R,,. The 
the controlled-release (CR) and regular-release (RR) 

Rot_ Cmin and R-=C,ttin 
ail 

T-R 
aa T * RR 

Thus the absorption rate effectiveness (ARE) may be determined as the previous 
ratio: ARE = R~;~,/R~~ which may be further reduced to: 

T RR 

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) ~eff~ctiveness~ is the 
weighted sum of the two effectiveness parameters: E = a(CRE) + b(ARE), where a 
and b are the weights (a + b = I) placed upon each of the effectiveness parameters 
based upon the goals outlined for the development of the controlled-release product. 
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. 

T!le 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. Assui~li~~g 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 ( 197 1 J) 

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 
controlled-release product (single dose) with the regular-release product is nel zssary. 
Since one has the expected modification of blood levels and the length of time of the 
dosing interval f.3; the controlled-release product in mind, the controlled-release 
product should be compared to an equiva~eRt adt~linister~d a;~ou~~t of the regular-re- 
lease product, consistent with the usual dosing of the regular-release product. That 
is, the regular release product may be administered at 0 and 6 h (i.e. a normal QSH 
product) and this may be compared to the ~oxltrolled-~.elease product given at 0 h 
(i.e. a 412 H product). 

If the initial single dose of the regular-release prcljuct prodtlces blood levels 
greater than the minimum effective concentration (this IS 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 
sub.squent dose of the Q6H drug) should be chosen for assessment of controlfed-re- 
tease effectiveness. Alternatively, some arbitrary drug concentration may be ex- 
amined for the lower range. Additionally a C,,, can be defined as the maximum 
cuncentration 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 controlfed-rel~se 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 
Amply 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. I also shows the R,,,, 
parameter for both dosage forms. This is simply the time taken to reach the Cmin for 
both products. The absorption rate effectiveness (ARE) may be calculated from 
these times. 

t la) The controlled-release dosage form is a new product and the manufacturer 
whishea to conduct multiple dose studies. Such studies may confirm data gathered in 
the Ungle-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 
studies zing similar C,,,,, and C,,,,, concentration limits of the regular release 
dosage form. here usually referred to as Cmin and C,,,,. Likewise CRE ratios of 
~l~pr~~xirnate~y I.0 would indicate an effectively formed controlled release dosage 
fwm. 

While one or both of the above in vivo studies are being performed in vitro 
&~ctlution studies should also be examined. Such studies can be designed to 
determine the dissolution method and experimental conditions providing significant 
c:c’>rrefation with the in l;ivo behavior The development of an in vitro dissolution 
\pecification which would show correiation with the in vivo resuIt requires the use of 
WVL’F;L~ dissolution apparatuses and variable conditions. e.g. media. agitation, etc. 
t ?;cedham and Luzzi. 1974; Needham et al.. 1978). Initial work in these laboratories 
has shown that statistica@ significant and physically meaningful correlations or 
~~~rnp~ris~?n~ between in vitro--in vivo data can be made if one examines the rate to 
peak (both peak blood level (C,,, ) and maximum amt::unt dissolved) instead of the 
rrhsolute absorption rate (k,). which may be hard to assess with many experimental 
prc~tocc&+. The in viva data must be transformed from blood level-time data to fit a 
model for any upward sloping asymptotically limited curve. e.g. C = L ( 1 - emdk* ) 

~~htxr c‘ is the ~~~n~entration. L is the limit (either amount in dosage form, or the 
CT IF, : q ). rind k ii the rate constant reflecting release of drug (in vivo and in vitro). 
Xiaking thccre rate?; equivalent. rate to maximum amount dissolved and rate to 
marrmum blood isvel. enables comparisons to be made. Although the usual methods 
r9f ~~trrektting in Go-in vitro parameters of selected controlled-release drugs uses a 
ir*rnnari.%ln of percent dissolved with percent absorbed (Graffner, 1974). a more 
pfi?sica@ meaningful and generally applicable correlation woufd be the rate to peak 
bh~d concentration vs dissolution rate, or AUC vs dissolution rate, or peak blood 
e*trncentration 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-re!ease 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 ch!or- 
pheniramine controlled-release and regular tablet dosage forms (Kotzan et al., 1982) 
yields approximately what would have been predicted for these controlled-release 

0 6 12 

TIME (hrs) 

Fig. 2. Theoretical ideal performance from an oraI controlled-release dosage form compared to two 
regular release administrations (at 0 and 6 h); CRE = 1.0. Inset shows a poorly formulated controlled-re- 

lease drug product. h,zre CRE is very small ( -C Cl). The assumption is mad? that the total dose is 

equivalent (e.g. 50 mg of regular-release product at 0 and 6 h and 100 mg of control!ed-release product at 

0 h). 



d$~,agc forms of chfo~he~iramine. The 4 mg chfo~heniramine tablet. given at 0 and 
6 h. gave a minimum of 3.8 ng/mf at 6 h; this was the Cmin used. The C,,, from the 
J mg tablet occurred 2 h after the second dose (i.e. at 8 h time elapsed). Calculation 
*tf the CRE tc~ntrolfed release effectiveness) based on areas above and below Cmi,, 
and Cm,,.. respectively. for the two controlled-release products studies gave the 
following results (for data see Kotzan et al.). 2 x 4 mg tablet, AUCFR = 26.425 

ng - h/ml 
8 mg coated bead product. AWC$F = 12.690 ng * h/ml or CRE = 0.48 
8 mg repe;rt action tablet, AUC&F = 17.205 ng * h/m! or CRE = 0.65 
AS previousfy mentioned the optimum or highly desirable CRE and ARE should 

be near f.& Both chfo~heniramine controlled-refease products studied gave de- 
crcxwd CRE values since their initial release was delayed (moreso in the coated bead 
prtxhrct than the repeat action). The calculated ARE for these products are 0.45 for 
the c;crated beads and 0.38 for the repeat action tablet. The effectiveness, E, of these 
t(rmtmflcd-retease products. assuming the weigflts are equal (i.e. a = b = OS), are 
f: = 0.47 for the coated bead product and E = 0.52 for the repeat action tablet. 

f~~~rn~~ation of the literature produces a number of reports dealing with pro- 
~~j~~rnide slow-release (i.e. controlled release) dosage forms (Dahi et al.. 1976; 
Ar~aifa ct al.. 1974: Graffner et al.. 1974). Graffner et a!. (1975) employed a protocol 
*h)u~rcr procainamide slow-release was administered every 8 h and regular release 
CWF): 4 h, ,4fth~~ugh the raw bfood level data were not given. estimates of CRE were 
made from iheir figures after single dose administrations (i.e. 0 h for controlfed-re- 
Ica~ product 0 and 4 h for regular) and multiple-dose administration, at the 
~t~~~~-~~~te. The computed CRE is given below for the single-dose administration. 

Prtrriainamide. rtgufar rrfease tablet. AUC:;’ = 155 pg. h/ml 
Si/o% rclcx*e. tablet A. AUCj(” = 141 pg. h/m! or CRE = 0.81: 
#md for the srcady-state case. 
Rqufar tahrfct. ACC:’ = I75 tug - h/ml 
Slr~ rcfca.W. tablet A. AFC JCK = 162 jig. h/ml or CRE = 0.92. 

‘I it; -%Rti ratlo appcarcd to he near I.O-in both cases. It can be readily seen from 
lhgr ~~~~~~te of ths data that the slou- release forrn~l~tion (table Af was approaching 
3 ~~~~~reiic~ff~ compfeteiy effective controlled release of procainamide. and that 
~~t-d agrrrmerri of CRE from single- and multiple-dose studies resulted. The 
a’lt~i~~n~~. E_ for thr procainamide products appears to be about 0.95 foliowing 
*i.~& err r~~ft~~lc doting i,f the controlled-release drug. It should be pointed out. 
h~r~%ee”l.rr. tha: ‘in hr>lh the >ingle- and multiple-dose studies the C,,,,,, and C,‘,, used 
he* ~tmpute’ C’RE ~rrr cthtained from the regular release minima (before second dose 
~d~~~~~~t~r~d~_ Thix i> io even though pr~cainamid~ is a drug with a we!! defined 
~hcrqr~tik* range of 3 lo 10 pg/mf (Koch-Wessr and Klein. 1971). At the doses used 

S:F u~r~k Grai;fnsr e’t a!. administered 3 o/ _, 0 /da\ (i.e. 550 mg Q4H or 1000 mg 
i- Thr ~~~~~jnam~dc blt.tc~d levetis reported agree we!! with the other workers 
simifar Jctsing f Dahf et al. 1976: Arstila et a!.. I974). This implies that to be in 
cxqxutic range more drug would have to be administered: the subtherapeutic 

~r~~~~~m &WS nof tie in the dosage form. 



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 
end 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 controlled-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. 

The authors wish to thank Drs. T.E. Needham and W.J. Brown for help with 
various portions of the work leading to this manuscript. 
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