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ABSTRACT

A novel multiunit sustained release theophylline preparation has been formulated and
assessed.  Spherical pellets containing 80% theophylline were formed using an
extrusion/spheronisation technique before being coated with an ethylcellulose-methylcellulose
mixture using a fluidized bed coater. In-vitro dissolution studies established that satisfactory
pH-independent release profiles were achieved, and that the rate of drug release could be
varied in a predictable manner by manipulating the coat thickness. With additional thermal
treatment of the coat, drug release was stable after storage of the products for one year. In-
vivo evaluation of the preparation in healthy human volunteers, produced serum concentration
profiles that were reflective of a controlled and sustained drug release, with complete
bioavailability. A satisfactory correlation was also obtained between in-vitro and in-vivo
results. Further comparison with a commercial preparation, Uniphyllin®, showed that the two
products were bioequivalent when dosed fasted. In the fed mode, the rate of theophylline
absorption from Uniphyllin was significantly increased, whilst that of the novel preparation
was essentially unaffected, although a slight delay in absorption was noted. However, for
neither preparation was the amount absorbed influenced by food status. Gastrointestinal
transit studies of the novel preparation using a gamma-scintigraphic technique, revealed that
the presence of food delayed the gastric emptying, but was without influence on the small
intestinal transit time. The delay in gastric emptying was associated with a delay in drug
absorption. For both fed and fasted states, the rate of absorption whilst the pellets were in
the stomach was slower than when the pellets were in the small intestine. The pellets were
less well dispersed in the stomach than in the small intestine or colon. Moreover, whereas
only 14% of drug was released in the stomach, 46% was released in the small intestine. It
is interesting that the remaining 40% of the drug was taken up from the colon, which thus

acts as a significant site of absorption.
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Chapter 1: INTRODUCTION

1.1 ORAL SUSTAINED RELEASE DOSAGE FORMS

1.1.1 GENERAL PRINCIPLES

In view of its convenience to the patient, oral administration is still the route of choice for
the administration of most drugs. Ideally, an oral dosage form should deliver the drug to its
site of action, at the minimum rate required to elicit the desired therapeutic response over the
duration of the dosing interval. Since blood is usually the medium of transport for the
absorbed drug, this ideal is best accomplished by providing a plasma-concentration profile
which produces optimal therapeutic activity. Unfortunately, this goal can only be paniall'y

achieved with conventional dosage forms (Lee and Good, 1987).

To maximize drug availability, conventional dosage forms are generally designed so that the
rate and extent of absorption are maximal. Wide fluctuations in peak and trough steady-state
drug levels are often obtained with these products in multiple dose administration, particularly
if the ‘biological half-life of the drug is short. Such fluctuations are undesirable with drugs
of narrow therapeutic indices. Whilst increasing the frequency of dosing may be able to
reduce these fluctuations, it may also lead to patient inconvenience and poor compliance.
Because of these shortcomings, a number of approaches have been used to formulate
sustained release dosage forms. To be effective such formulations must control the rate of

oral drug release for an extended period of time after each administration.

One of the earliest attempts to control drug release in the gastrointestinal tract was the use
of enteric coating. In 1930, Wruble formulated an acid resistant coating material comprising
a mixture of lac gum, alcohol and ammonia, and the effectiveness of the coating was borne
out by both in-vitro and in-vivo experiments. Other enteric coating methods were also
described at around this period by Husa and Magid (1932), Mills (1937), and Goorley and
Lee (1938). However, these early enteric coated products were formulated primarily to delay
drug release until emptying from the stomach had occurred. Among the earliest modern
sustained release products was the ‘Spansule’ capsular dosage form marketed by Smith, Kline
and French Laboratories in the 1950°s (US Patent No. 2738303). The introduction of the

‘Spansule’ concept was an overwhelming success, and truly represented one of the milestones
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of pharmaceutical technology (Shangraw 1988). It also marked the beginning of the era of
sustained drug delivery during that period. Numerous sustained release products began to
appear on the market, and their mode of actions were described by various names such as
‘sustained action’, ‘prolonged action’, ‘long acting’, ‘timed released’, and ‘extended action’
(Ballard and Nelson, 1970).

The design and formulation of the early sustained release products in the 1950s were not
without problems. At this time, the science of biopharmaceutics and pharmacokinetics was
still in its infancy. As a result, these early products were formulated with little or no
consideration of the absorption and disposition characteristics of the drug in the body. Also,
the lack of appropriately sensitive analytical techniques at that time, presumably made
evaluation of the blood levels impossible. Thus the efficacy of these formulations could only
be assessed by pharmacological methods which were often unreliable or even inapplicable
to the drug under test. As the ficld of biopharmaceutics and pharmacokinetics was better
developed, the shortcomings of these old products became evident. Some of the old products
were eventually withdrawn and improvements were made in the newer formulations. Towards
the end of 1960’s, a new term, controlled drug delivery, came into being. This term was
applied to those formulations in which the rate of dissolution of drug from the dosage forms

was controlled. Such products have enchanced bioavailability, efficacy and safety (Banker
1979).

Significant progress has been made in this area in the past two decades, and today, sustained
release formulations have become an important product line of most major drug companies.
A variety of techniques have been used in the formulation of these products but they all
basically work on the same principle of slowing the rate of dissolution or release of the drug
from the dosage form. In general, there are two sets of methods to achieve this objective
(Lordi, 1986). The first set is based on modification of those physical and/or chemical
properties of the drug that affect bioavailability. These include the use of complex formation
(example tannate complexes), ion-exchange resins to form drug adsorbates, and prodrug
synthesis. The mechanism of sustained drug release is through decreased rate of dissolution
of the altered drug and/or dissociation of the free drug into solution. In the case of prodrugs,
a slow regeneration of the parent compound after absorption, may provide an additional

strategy for prolonging the drug action. A major advantage of this approach is that it operates
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independently from the dosage form. The resulting drug modifications can thus be formulated
as liquid suspensions, capsule or tablet. However, these methods can only be applied to drug

moieties containing the appropriate functional groups.

In contrast, the second set of methods are based on modification of the drug release
characteristics of the dosage form. Although products based on dosage form modification are
of many designs and constructions, the mechanisms underlying the sustained release are few
(Lee and Robinson, 1978). A drug with a slow dissolution rate is inherently sustained. For
those drugs with rapid dissolution, embedding them within a slowly dissolving or erodable
matrix provides a means of retarding the dissolution rate. Various lipid materials, waxes and
other polymers have been found to be useful for this purpose. Drug release occurs through
a combination of leaching of the active substance from the matrix and erosion of the matrix
material. Another approach is to disperse the drug within an insoluble matrix. The most
common insoluble matrix is one which is porous in nature, containing small channels and
passages which are filled with drug. In-vivo, fluids from the gastrointestinal tract penetrate
and dissolve the drug, and the dissolved molecules then diffuse from these passages out of
the matrix. Drug release is thus delayed as the dissolved molecules have to diffuse through
a network of capillaries between the compact polymer particles forming the matrix. The

kinetics of release from such matrices have been well studied by Higuchi (1963).

Coating the drug particles or pellets with a barrier membrane is another effective means of
controlling the drug release. The barrier coat can either be slowly soluble or insoluble in
nature. In the former case, the pellets release their contents through erosion of the coat. A
typical product utilizing this release mechanism may consist of a capsule containing numerous
pellets coated to various thicknesses with some erodable material. Since the rate of erosion
of the coat can be expected to be dependent on the coat thickness, such a product will yield
a relatively continuous drug release. The ‘Spansule’ dosage form discussed earlier was based
on this design (Blythe, 1956). A variation of this method is to coat the pellets with different
coating materials of different dissolution or disintegration times, or successively coating a
spherical pellet, in between which, is placed the active drug (Hermelin, 1957). A second
mechanism whereby coated pellets release their medicaments is by diffusion of the drug
through the intact coat. Following ingestion, moisture within the gastrointestinal tract

penetrates the coat to dissolve the solid drug. The dissolved drug molecules then diffuse
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through the intact barrier membrane. The rate of drug release can be controlled by varying
the nature and/or thfckness of the coat or by altering its porosity by incorporating some water
soluble materials into the coat to act as channeling agents. It is interesting to note that
osmosis has recently been suggested as an important mechanism for the drug release from

such systems (Zentner et al, 1985; Ozturk et al, 1990; Lindstedt et al, 1989, 1991).

Formulations in which osmotic pumping is a major release mechanism were described by
Theeuwes in 1975. In this approach, the osmotically active solid, namely the drug or
dispersion thereof is surrounded by a rigid rate-controlling membrane which is semipermeable
with respect to water. Uptake of water through the rigid membrane at a controlled rate, will
cause the device to deliver, via an orifice in the membrane, a volume of saturated drug
solution equal to the volume of water imbibed. The rate of drug release is constant so long
as excess solid remains within the device. Because the mechanism of this system is based
on osmotic pressure, the system delivers drug at a rate that is essentially independent of
stirring rate and the environmental pH. A commercial therapeutic system based on the above
principle has been marketed by Alza Corporation USA, under the name ‘OROS’, and its
application has recently been examined with oxprenolol (Bradbrook et al, 1985), metoprolol
(Godbillon et al, 1985a) and nifedipine (Chung et al, 1987). Some clinical problems were
encountered in its use with indomethacin, resulting in the withdrawal of the product, and this
has been well reviewed by Bem er al (1988). Recently, Davis et al (1988) have also
investigated the gastrointestinal transit properties of the ‘Oros’ containing the drug oxprenolol.
The rate of appearance of the drug in the systemic circulation in relation to the location of

the dosage in the gut was examined.

1.1.2  ADVANTAGES

Several therapeutic advantages can be gained by using sustained release formulations. One

such advantage is in prolonging the duration of action of the drug beyond that normally
achieved with conventional dosage forms. Consequently, the frequency of dosing can be
reduced to once or twice daily leading to improved patient convenience and compliance.
Indeed, good compliance has been recognized as an important element in successful drug
therapy. Several studies have shown that poor patient compliance is observed in self-
administration when the number of drugs and daily doses are increased (Blackwell, 1973;

Haynes, 1981; Mucklow, 1979; Parkin et al, 1976; Porter, 1969), and appears commonest
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when three or more daily doses are prescribed (Ayd, 1974; Gatley, 1968).

Another important benefit is the attainment of a relatively constant steady state blood level
with reduced peak-trough fluctuations, thereby achieving better efficacy/toxicity ratio with the
drug (Theeuwes, 1983; Urquhart, 1982). This is especially important with drugs of narrow
therapeutic indices, since a smaller fluctuation will eliminate periods of supra-therapeutic
levels associated with systemic toxicity, and avoid sub-therapeutic levels resulting in loss of
therapeutic efficacy. Clearly then, there is better disease management with sustained release
dosage forms and the overall reliability of therapy is accordingly increased (Urquhart, 1981).
Viewed from a broader perspective, this would mean a total cost savings in health care, in
terms of fewer lost work days, less hospitalization and decreased number of visits to the

physician (Lee and Robinson, 1978).

Elimination of local irritation and erosion arising from exposure of the gastric mucosa to high
drug concentrations have also been reported for individual drugs, examples are aspirin (Levy
and Hayes, 1960), and aminophylline (Boroda et al, 1973). However, this point remains
controversial. Perforations of the small bowel was reported with the ‘OROS’ controlled
release formulation of indomethacin, but it is still unclear whether this was due to the local
effect of indomethacin, the osmotic agent or a systemic effect related to constant

indomethacin plasma levels (Brors, 1987; Shaw, 1988)

1.1.3 MULTIUNIT VERSUS SINGLE UNIT

Oral sustained release preparations may be classified as single unit or multi-unit dosage forms
(Bechgaard and Nielsen, 1978). The single unit system may consist of a single tablet such
as a matrix tablet while the latter may comprise many small pellets contained in a hard gelatin
capsule. On the basis of this difference, the multi-unit dosage form appears to have several
advantages over the single unit system. The pellets are usually spherical in shape and
attractive in appearance. Individual units are easily coated with a rate controlling membrane
which can be varied in nature and thickness to give more effective release patterns.
Moreover, a multi-unit system permits easy dose adjustment by varying the number of pellets
in each capsule. Since each dose consists of many subunits, there is better statistical
assurance of-drug release (Lordi, 1986), and the risk of dose dumping is equally subdivided

(Beckert, 1985). Thus, ineffective plasma level of drug due to incomplete release of the
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medicaments is less likely to occur with a multi-unit system (Murthy et al, 1983).

Since individual pellets have the potential to distribute evenly and widely over a large area
in the stomach and small intestine, it was asserted that this dispersion process would yield a
more predictable drug release profile by reducing the local differences in the gastrointestinal
environment (Murthy et al, 1983; Beckett, 1984). Furthermore, local effects of an irritant
drug could similarly be reduced (Rowe, 1983). This dispersion property was however,
disputed by Hunter et al (1982), Wilson et al (1983) and Devereux (1987). Another potential
advantage, is the difference in the gastric emptying pattern of the two types of dosage forms.
Bechgaard (1982) suggested that since gastric emptying of a single unit dosage form was
essentially a random process, there would be an inherently large intra and inter-subject
variation. In contrast, a multi-unit system was emptied more gradually with small individual
variations giving better predictability for a given dose. It was presumed that the subunits
were small enough to pass through the contracted pylorus. Previously, it was suggested that
only subunits of less than about 2mm, would empty gradually, but recent investigations have
indicated that larger units may also empty gradually from the stomach (Feely et al 1987,
Feely and Davis 1989). The critical size was suggested to be 3mm (Meyer 1989). Although
Beckett (1983) proposed a linear gastric emptying pattern for multi-unit dosage forms,
Hunter et al (1982) and Devereux (1987) suggested that this pattern may not always be

obtained and that the pellets may at times empty as a single bolus.

1.1.4 PHYSIOLOGICAL INFLUENCE ON PERFORMANCE

The human gastrointestinal tract is a very complex organ, which can be divided into three
distinct sections, namely the stomach, the small intestine and the colon. Each has its own
physiological function and is very varied in terms of pH, nature of its luminal contents, length
and surface area. All these variables may singly or in combination influence the drug release

from a sustained release preparation.

The small intestine, with its enormous absorptive area of between 200 - 500 m* (Davenport,
1977), is invariably the principal site of drug absorption. In contrast, the stomach, being a
secretory rather than an absorptive organ, and the colon, because of its small absorptive area,
usually play a small role in drug absorption. Nevertheless, particularly in the case of

sustained release preparations, the colon may play an important part in drug absorption.
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Although some drugs, for example theophylline (Staib et al, 1986) and metoprolol (Godbillon
et al, 1985b) have bécn shown to be well absorbed in the colon: in general, absorption from
this part of the intestine is incomplete and erratic (Koch-Weser and Schechter, 1981), since
transit times through the colon are highly variable (Metcalf et al, 1987) ranging from less than
an hour to more than sixty hours (Hardy et al, 1985, 1987). Absorp'tion from the distal part
can be considered negligible since any remaining drug will be embedded in semi-solid faecal
matter (Hirtz, 1984). V

In view of the differences in the local environment and absorptive capacity of the three
sections of the gastrointestinal tract, the duration of residence and transit times of a sustained
release product in each section, can greatly affect its performance. Even if a product can be
formulated to release its medicament independent of the local environment, its performance

can still be influenced by the orocaecal transit time if the drug is not absorbed in the colon.

The transit time through the small intestine typically takes three to five hours, is fairly
constant, and is unaffected by food status (Cammack et al, 1982; Davis et al, 1984, 1986a,
1987; Ollerenshaw et al, 1987; Devereux 1987, Mundy et al 1989). On the other hand gastric
emptying is very variable, and is influenced by diet (Christian et al 1980; Davis et al, 1984,
1987; Moore et al, 1981; Devereux, 1987), drugs (Kaus et al, 1984; Lake-Bakaar and Teblick,
1984), posture (Bennet et al 1984; Fell et al, 1982; Hunter et al, 1982) and also exercise
(Cammack et al, 1982). It follows that, the orocaecal transit time is highly dependent on
gastric emptying. Hence, by prolonging the gastric residence, the overall transit time of a
dosage form can therefore be extended. If the drug dissolves in the stomach contents, drug
solution will then pass in an unimpeded manner to the small intestine for subsequent

absorption at the optimal site.

To date, several techniques have been used to prolong gastric emptying time. Although
Ch’ng et al (1985) achieved promising results with bioadhesive polymers in rats, they were
found to be ineffective in humans (Khosla and Davis, 1987). Similarly, when Groning and
Heun (1984) incorporated myristic acid, a known gastric emptying inhibitor into their tablet
formulation, this was also unsuccessful. The effect of particle size was examined by Gruber
et al (1987), Hinder and Kelly (1977), Holt et al (1982), Meyer (1980) and Meyer et al
(198 1, 1985). Although delayed emptying was achieved with particles of larger sizes (Kaniwa
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et al, 1988a, 1988b), the retention time was dependent on the food status (Davis et al, 1986b).

Another interesting approach was that of modifying the density of the dosage form. Using
a variety of different substances, Hoezel (1930) provided the first evidence that the total
transit time could be extended by increasing the density of the ingested material. However,
results from subsequent studies which used high density dosage forms have produced differing
outcomes. Their delayed emptying was reported by Kirwan and Smith (1974), Bechgaard and
Ladefoged (1978), Meyer et al (1985, 1988), Sirois et al (1987), Takahashi et al (1985) and
Devereux (1987). On the other hand, the emptying rate has also been found to be
independent of density by Cummings et al (1976), Bogentoft et al (1981, 1982), Kaus et al
(1984a), Bechgaard et al (1985), Davis et al (1986¢), Kaniwa er al (1988b) and Gruber et al
(1987). Most of the dosage forms studied however, were with densities of not more than 2.0
Gem, except for those examined by Devereux (1987) and Gruber et al (1987). In a more
recent study, Clarke (1989) suggested that the critical density for delaying the gastric
emptying may lie between 2.4 and 2.6 Gem™. Formulations which floated on the gastric
contents were investigated by Muller-Lissner and Blum (1981), Sheth and Tossounian (1984),
Hou et al (1985), Stockwell et al (1986), Sangekar et al (1987) and Miyazaki et al (1988),

but a major drawback of such devices is that the stomach must remain in a fed condition.

1.1.5 IN-VITRO AND IN-VIVO EVALUATION

The advent of sustained release formulations in the mid-1950’s together with the growing

realization that disintegration tests were no real index of bioavailability have provided the
impetus for developing model in-vitro systems to study the actual drug release patterns of
solid dosage forms. Subsequently, a wide variety of dissolution test systems were developed
and described in the literature. Although it is not possible to simulate the whole range of
variables that affect drug release in the gastrointestinal tract, a properly designed in-vitro test
is not only invaluable in dosage form development, but also indispensable for quality control

of the final proven formulation.

Smolen and Ball (1984) summarised some of the attributes that were essential for a good
dissolution test system. Firstly, the results obtained must be reproducible and be correlated
or associated with some characteristics of the in-vivo data. Secondly, the test should be

sufficiently sensitive to discriminate between those in-vitro variables that yield in-vivo
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differences, without being overly discriminatory in detecting in-vitro changes that are
negligible in-vivo. Thirdly, the method should be flexible, and capable of application to a
wide range of products, and finally, the procedure should preferably be amenable to

automation.

In general, dissolution test systems have evolved into two distinct types, the stirred vessel and
the flow through column systems (Nelson and Miller, 1979). The former is characterized by
a relatively large dissolution volume with minimal liquid exchange, and agitation is
accomplished by stirring the liquid using a rotating blade or by motion of the vessel itself.
The second type usually consists of a relatively small dissolution cell through which fresh
solvent flows at a constant rate with no additional agitation. Regardless of the type however,
certain process variables are deemed essential to obtain meaningful results, and should be
properly selected in the dissolution test m‘ethodology (Smollen and Ball, 1984). A suitable
agitation intensity is an important requirement to enable discrimination of formulation
parameters that are important in-vivo. The composition of the dissolution medium should be
aqueous in nature and be buffered at different pH values in order to determine the pH
dependency of drug release from the dosage form. This is necessary to mimic the variable
pH of the gastrointestinal tract. Some formulations may contain retardants whose function
depends on the presence of normal constituents of the gut (example bile salts, pancreatin or
pepsin). For these products, the dissolution medium should be further refined to contain the
appropriate materials. It is also important to maintain sink condition by keeping the
concentration of the dissolved drug in the bulk medium below 15 percent of saturation
(Swarbrick, 1970) and to conduct the test at 37 + 0.5°C, as both of these factors can affect

the rate of drug release.

The USP dissolution test uses either a rotating basket assembly (apparatus 1) or a rotating
paddle system (apparatus 2). A survey of the literature reveals that one or the other of these
USP dissolution test apparatuses have frequently been used to evaluate sustained release
products. Both types are easy to operate and the procedures are readily automated. Other
systems that have been used include the rotating bottle apparatus, Sartorius absorption and
solubility simulator, and the column-type flow-through assembly (Lordi, 1986). With the
exception of the rotating bottle apparatus, which was originally developed for evaluating

sustéined release products (Krueger and Vliet, 1962), the other two systems are also amenable
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to automation and easy manipulation of dissolution media.

Whilst in-vitro techniques offer cheap and easy means for evaluation during dosage form
development, validation of the final product can only be accomplished by in-vivo testing, and
ultimately the most reliable test is to perform human studies. This usually entails a
comparison of the blood level profile achieved with the dosage form, with that of a reference
product of the same drug such as a solution administered orally or intravenously, or a proven
conventional fast release formulation. The rate and extent of absorption of the dosage form
can then be determined by relevant pharmacokinetic analysis of the data. In addition, it is
necessary to establish bioequivalency of the dosage form with a proven, currently marketed
product. Since food is known to influence the absorption of drugs, the effect of food status
should also be assessed (Karim, 1988). All these studies are necessary to ensure that the
dosage form meets its sustained release claims, that no dose dumping occurs, and sufficient
bioavailability is achieved. Usually single dose studies are sufficient to verify all the above
objectives. Regulatory agencies like the Food and Drug Administration however, may require

multiple dose steady state studies for registration of the product (Skelly, 1986).

In-vivo evaluations based on blood level data alone may not be sufficient to optimise dosage
form development. Such an approach does not allow for the evaluation of the influence of
physiological variables such as gastric emptying and intestinal transit (Digenis, 1982), nor do
these studies provide information on the integrity, distribution, and time and site of in-vivo
disintegration a}ld dissolution of the dosage forms (Davis, 1983). Moreover, these studies are
not applicable to drugs that have local actions, or which are absorbed at specific sites in the
gut (Digenis, 1982). Thus, direct visualization of the in-vivo behaviour of dosage forms
within the gastrointestinal tract has become an important research goal in the development of

modern therapeutic systems (Wilson and Washington, 1988).
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12 METHODS TO STUDY IN-VIVO GASTROINTESTINAL TRANSIT
PROPERTIES

Some of the early methods of studying gastrointestinal transit behavior of dosage forms now
appear bizarre and crude, because sophisticated imaging equipment was not available.
Recovery of ingested materials from the faeces was practised in order to determine whole gut
transit times. An assortment of substances were administered, which included glass beads
(Alvarez and Freedlander, 1924; Hoelzel, 1930), knots of cotton, tomato and grape seeds,
pieces of rubber, aluminium, steel, silver and gold (Hoelzel, 1930). In a ‘yoyo’ method, used
to study in-vivo disintegration, lengths of string were attached to the tablets for periodic
withdrawal from the stomach and examined for changes (Gruber et al, 1958; Steinberg et al,
1965). Induced vomiting was also performed to recover the ingested dosage form (Steinberg
et al, 1965). Equally distressing to the volunteers was the reported use of a fiberscope or
gastroscope for viewing the dosage form in the stomach (Steinberg et al, 1965; Weiss et al,
1961; Hey et al, 1979).

The discovery of X-rays at the turn of the century led to the first imaging technique for
external monitoring of dosage forms in the gastrointestinal tract. This method was first used
by Lozinski and Diver (1933) for studying the in-vivo disintegration of enteric coated tablets,
and subsequently by other workers (Bukey and Brew, 1934; Wagner et al, 1958; Blythe et al,
1959; Levy, 1963; Merenda and Green, 1966). However, this has not gained much popularity
because of the radiation hazards, which limit the number of images that can be taken. Data
obtained are only qualitative in nature and the high-density radio-opaque materials which are
incorporated into the dosage form may themselves alter the physical characteristics of the
formulation (Daly et al, 1982). Despite these limitations, this imaging technique still
continues to be used occassionally (Cortot and Colombel, 1984; Dew et al, 1982; Stricker and
Kulke, 1981).

Bond et al (1975) described a method of monitoring small bowel transit time by measuring
the pulmonary hydrogen excretion following ingestion of a meal containing the non-
absorbable disaccharide lactulose. This compound is fermented by colonic bacteria to yield

hydrogen gas which can then be detected in breath. Therefore, a rise in hydrogen
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concentration in the breath signals the arrival of the head of the meal at the caecum. Using
this principle, small bowel transit time of dosage forms can be estimated by co-administering
lactulose. Unfortunately, lactulose is a physiological stimulant and may shorten the normal
transit time (Read et al, 1982), and overgrowth of colonic bacteria in the small intestines may
yield erroneous results. In addition, it only measures the transit time of the head of the meal
and does not give reliable data regarding the entry of the bulk of the contents into the colon
(Read et al, 1989). The use of ileostomy patients has also been reported (Bechgaard and
Ladeford, 1978). Examination of the ileostomy bags can yield valuable information on the
behavior and transit times of ingested products. However, no information on gastric emptying

can be obtained and ileostomy subjects are not readily available.

Some methods described in the literature apply more specifically to gastric emptying only.
Hunt and Spurrell (1951) described a ‘serial test meal’ which permitted quantitative
measurement of gastric emptying. The method entailed passage of a nasogastric tube,
instillation of a test meal into the stomach and withdrawal of the meal after a fixed time
interval. By repeating the procedure on the same subject on different days and withdrawing
the gastric contents at different time intervals, the rate and pattern of emptying could be
calculated. This method was later modified by George (1968) to overcome the need for
repeated measurements and further refined by Meeroff et al (1973) to aspirate the duodenal
contents by means of a transpyloric tube. A major limitation of the above procedures is the
requirement for gastric or gastroduodenal intubation, thus causing discomfort to the subjects.
In another innovation, Benmair et al (1977) described a non-invasive ferromagnetic method
where an inert tracer, magnesium ferrite, was added to a meal. The content in the stomach
was then monitored at regular intervals using an external transducer. Two methods recently
described in the literature are impedance epigastrography (Sutton et al, 1985) and applied
potential tomography (Avill et al, 1987). Both methods detect the changes in gastric electrical
impedance when a liquid meal empties from the stomach. Ultrasound was used by Bateman
and Whittingham (1982) to measure the gastric emptying of a liquid test meal. This
technique was later applied by Bolondi er al (1985) to measure the gastric emptying of mixed
solid-liquid meals. More recently, visualization of tablets in the gastrointestinal tract using
sonography was reported by Maublant er al (1988), but the tablets could not be detected once

they had entered the intestine.
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Indirect methods of measuring gastric emptying have also been described. Such methods rely
on the fact that mostb drugs are preferentially absorbed in the small intestines. Therefore, the
rate at which such a drug appears in the blood stream can be used as a measure of the gastric
emptying rate. This has been demonstrated with paracetamol (Heading et al, 1973; Clements
et al, 1978) and ethanol (Finch et al, 1974). Indirect mcasﬁre of the orocaecal transit time
was also reported using salazopyrin (Kennedy et al, 1979). This compound is hydrolysed to
sulphapyridine and 5-aminosalicylic acid in the large bowel. Measurement of sulphapyridine

in the plasma was used to determine the orocaecal transit time.

Application of radionuclides in gastrointestinal studies was first used by Hansky and Connell
(1962). Total transit times were measured by recording the activity of Chromium-51 labelled
compounds excreted in the faeces after oral administration. This was later refined to monitor
gastric emptying by scanning the stomach region for loss of counts using a scintiscanner
(Griffith et al, 1966). Improvement in measuring the radioactivity was made when Harvey
et al (1970) and Jones et al (1970) reported using a gamma camera in gastric emptying
studies with the radionuclides Chromium-51 and Caesium-129 respectively. The gamma-
camera enabled the whole region of interest to be viewed continuously and produced frequent
images of the distribution of radioactivity. This development together with the discovery of
almost ideal radionuclides 99m-Tc, ''In and "*In have contributed to the subsequent growth
in the use of this method (Davis, 1983). Ever since its applications to pharmaceuticals were
reported by Casey et al (1976) and Alpsten et al (1976), this imaging technique has
superceded all the other methods in gastrointestinal transit studies of dosage forms. (Fell and
Digenis, 1984).

Gamma scintigraphy, as this imaging technique is termed, represents the first method that
allows complete characterization of the gastric emptying and intestinal transit processes. It
is non-invasive, only exposes the subject to low radiation doses, and provides information on
a continuous and quantitative basis. Neutron activation techniques can be used to overcome
some of the problems encountered in labelling of the dosage forms (Christensen et al, 1984,
Parr et al, 1985). The location and in-vivo dissolution of certain dosage forms can also be
monitored using suitable radiolabelled model compounds that can mimic the release of the
drug of interest (Beihn and Digenis, 1981; Sournac et al, 1988; Davis et al, 1989). A further
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advantage of the technique is its ability to monitor two isotopes which have been added to

the ingested contents simultaneously and independently.
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1.3 THEOPHYLLINE

1.3.1 GENERAL PHARMACOLOGY
Theophylline is a methylated xanthine alkaloid (1,3-dimethylxanthine) found in plants and is

very similar in structure to the other naturally occurring xanthines, caffeine (1,3,7-
trimethylxanthine) and theobromine (3,7-dimethylxanthine). The principal therapeutic use of
theophylline is as a bronchodilator (May, 1974). However, its spectrum of pharmacological
activity in treating asthma, includes not only relief of acute symptoms due to its relaxant
effect on bronchial smooth muscle but also suppression of chronic symptoms of airway hyper-
reactivity and inhibition of exercise induced broncho-constriction (Hendeles and Weinberger,
1983). In recent years, therapeutic use of theophylline has not been confined to patients with
reversible airway disease. There is substantial interest in its use for treating patients with
relatively fixed airway obstruction. The action of theophylline in this latter group is due to
its ability to improve myocardial contractility (Matrthay et al, 1978) diaphragmatic and
intercostal muscle contractility, as well as delaying the onset of fatigue (Aubier et al, 1981).
It is also widely used in the treatment of apnoea in premature infants because of its

stimulatory activity on the respiratory centre (Dietrich et al, 1978).

The mechanism of action of theophylline is not clearly established. Inhibition of cyclic AMP
phosphodiesterase activity was proposed, but concentrations required to demonstrate this
property in-vitro, were not attainable in-vivo due to toxicity (Svedmyr, 1977). Moreover,
other potent phosphodiesterase inhibitors (example papavarine) were shown to be ineffective
in asthma (Bergstrand, 1980). However, theophylline is known to affect calcium flux across
cell membranes (Brisson et al, 1972), to act as a prostaglandin antagonist (Horrobin et al,
1977), as an antagonist of adenosine (Fredholm, 1980) and also to cause increased binding
of cyclic AMP to cyclic AMP binding proteins (Miech et al, 1979).

The pharmacodynamic effects of theophylline in relation to its serum concentration are well
defined. In the treatment of apnoea in premature infants, serum concentrations in the range
of 5 to 10 mcg/ml were found effective in decreasing the number of apnoeic episodes
(Dietrich et al, 1978). The bronchodilator effect was reported to increase with the serum

concentration over a range of 5 to 20 mcg/ml (Mitenko and Ogilvie, 1973). However, a
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theophylline serum concentration of between 10 and 20 mcg/ml has received general
acceptance as providing optimal control of asthmatic symptoms (Weinberger and Bronsky,
1974). Whilst additional bronchodilator effects may be achieved with a serum concentration
greater than 20 mcg/ml, this is usually associated with an increasing frequency of adverse
effects, which include nausea, vomiting, diarthoea, headache, and irritability (Zwillich et al,
1975; Jacobs et al , 1976; Hendeles et al, 1977). Serum concentrations exceeding 35 mcg/ml
have been associated with life threatening cardiac arrhythmias, seizures and death (Hendeles
et al, 1977).

Theophylline solution is rapidly and completely absorbed throughout the length of the
gastrointestinal tract, but the rate of absorption in the colon is reduced when compared to the
upper gastrointestinal tract (Staib et al, 1986). Once absorbcd, it distributes rapidly into
tissues and distribution is complete within 30 to 45 minutes. Thus kinetic analysis can be
satisfactorily applied using a one compartment pharmacokinetic model (Mungall, 1983;
Loughnan et al, 1976). It is extensively metabolized in the liver to the major metabolites 1-
methyluric acid and 1,3-dimethyluric acid and other minor methylxanthine metabolites which
are excreted in the urine (Jenne et al, 1976). Less than 10% of the drug is excreted in the
urine unchanged (Levy and Koysooko, 1976). Nonlinearity of elimination resulting from
saturation of some of the metabolic pathways has been reported to occur in certain susceptible
individuals (Weinberger and Ginchansky, 1977; Tang-Liu et al, 1982; Gundert-Remy et al,
1983). On the other hand, dose-ranging studies in normal adults (Koeter et al, 1981; Rovei
et al, 1982) and in adult asthmatic patients (Brown et al, 1983) have shown that elimination
of theophylline followed first-order kinetics. Studies by Upton et al (1980a, 1980b) also
suggested that the elimination is linear within the therapeutic range . Other studies have
shown that dose-dependent elimination is more frequently encountered in children, but for the
majority of adults, theophylline kinetics can be described adequately using a linear model
(Mungall, 1983).

Clearance of theophylline can be modified by a variety of factors. Mean plasma clearance
rates are markedly reduced in neonates (Aranda et al, 1976), and infants only gradually
approach normal childhood values over the first eight months of life (Nassif et al, 1981).
Physiological abnormalities such as cardiac disease (Hepner and Vessel, 1978), hepatic

dysfunction (Mangione et al, 1978), acute viral illness (Chang et al, 1978), and pneumonia
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(Voseh et al, 1978) have all been reported to decrease theophylline clearance. Concurrent
administration of sorhc drugs such as erythromycin (Kozak et al, 1977), mexiletine (Loi and
Vestal, 1990), tetracycline (McComack, 1990), and cimetidine (Bauman and Kimelbart 1982;
Krstenansky et al, 1989) also appears to decrease theophylline clearance. In contrast, cigarette
smoking (Jusko et al, 1978), high protein, low carbohydrate diet (Kappas et al, 1976),
charcoal broiled meats (Kappas et al, 1978) and enzyme-inducing drugs such as phenytoin
(Crowley et al, 1987) and rifampicin (Miners and Wing, 1984) have been found to increase
the rate of theophylline elimination. It is interesting to note that passive smokers, that is non-
smokers with long term exposure to cigarette smoke, have been reported to show an increased

rate of elimination of theophylline (Matsunga et al, 1989).

1.3.2 SUSTAINED RELEASE THEOPHYLLINE FORMULATIONS

Theophylline has been used in the treatment of reversible airway disease since the early

1930s, but its use declined during the 1960s following reports of acute toxicity and death in
children treated with the conventional drug formulations (Mungall, 1983). In the 1970s
pharmacodynamic and pharmacokinetic studies gave a better understanding of its dose related
behaviour. Sustained release formulations of theophylline were first introduced in the early
1970s, and the reduced fluctuation of serum concentrations and decreased frequency of
administration provided by these preparations, greatly enhanced their safe and efficacious use

in chronic therapy (Shangraw 1988).

The perception of a large market has resulted in the development of a considerable range of
sustained release theophylline products. An excellent review on their design and formulation
was recently published (Shangraw, 1988). In general, the sustained release mechanisms of
these products can be reduced to three basic types, namely, erosion of a matrix (embedded
with the drug), erosion of a coat surrounding a drug core or diffusion of the drug through a
nonsoluble coat. Materials which have been used to form the erodible matrix or coat include
lipid substances that are eroded by mechanisms such as emulsification by bile salts or lipase
hydrolysis; acidic polymers whose solubilities are pH dependent; and water soluble polymers
that swell and gradually dissolve. In the case of the non-soluble coat the main coating
material used is ethylcellulose. Some of these products are marketed as single unit tablets,
whereas others are in the form of multi-unit pellets contained in a capsule. In certain

forhulaﬁons, the single unit tablet may disintegrate into multiple pellets (with sustained
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