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ABSTRACT

The fate of a 500mg dose 4-aminosalicylic acid (4ASA) liquid formulation was investigated
in humans. Buffered pH3 and 7 oral liquid formulations were designed to provide adequate
evaluation of the gastric emptying using applied potential tomography (APT). The gastric
luminal pH profiles were monitored using a pH-sensitive radiotelemetry capsule and blood
was sampled over 8 hours. In a further series of experiments, the gastric luminal acid
secretion was restricted by ranitidine pre-treatment, to test the performance of APT and to
observe the influence on the absorption profile of 4ASA. The content of 4ASA and its
metabolites in the blood were analysed by HPLC assay. An intravenous administration of
4ASA was used as a reference to calculate the pharmacokinetic profiles with a deconvolution
technique based on maximum entropy theory and a mass balance technique based on

Wagner-Nelson compartmental theory.

The gastric emptying parameters were determined using statistical moments to provide a
mean gastric residence time. The results showed that the performance of APT was not
affected by physiological acid secretion. The ranitidine pre-treatment gave a full acid
suppression until after the gastric emptying process of the oral liquid was completed. The
shape of the blood level curves of 4ASA liquid formulations was influenced by the gastric
emptying rate, which in turn was controlled by the duodenum acid feedback mechanism. The
gastric emptying rate of pH3 4ASA formulation was delayed and hence an extended 4ASA
mean absorption time was observed. The elimination rate of 4ASA was rapid when compared
to its major metabolite, N-acetyl-4ASA (AASA). The bioavailability of 4ASA and AASA of
the different formulations was restricted, with a mean average value ranging from 61 to 85%

depending on treatment.

The results derived from the maximum entropy approach differed from those of the Wagner-
Nelson method. The limited intravenous data points restricted the calculations. The 4ASA
absorption rate distribution profiles, calculated using the maximum entropy approach, in
some cases displayed a double peak phenomenon, which demonstrated the complexity in
disposition even for of a simple oral liquid formulation of 4ASA. This phenomenon was not
observed with the Wagner-Nelson method. The clearance and rate constant values of the
current study differed from previous reported cases, where much higher doses and different

dosage forms had been used.
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1.1 The physiology of stomach

1.1.1 The structure and role of the stomach

The stomach can be broadly divided into four different regions that possesses unique
functions. This includes the fundus, body, antrum and pylorus. The gastric body consists of
the parietal cells that produce and secrete acid especially over the first hour in the post-
prandial period. The fundus, antrum and pylorus regulate the transit of the non-nutrient liquid
and nutrient particulate by a co-ordinated mechanism (Collins et al 1991, Camilleri et al
1994, Kelly 1981). Two sphincters found within the stomach prevent the food from either

reflux back to the oesophagus or enter prematurely into the duodenum.

The main roles of stomach are to store food temporarily and release the digested contents into
the duodenum in a control manner. T/he/gastric acid activates t/hc/ pepsinogen into pepsin to
digest protein. It also sterilises the food contents. Although the food materials are not vastly

absorbed within the stomach, vitamin B;; and some drugs are absorbed here (Johnson 1997).

1.1.2 The electrophysiology of the stomach

The smooth muscle of the stomach exhibits a series of cyclical changes in t;:é resting
membrane potentials called the ‘slow wave’ electrical activity. The initiation of the slow
wave is via the multiple discrete loci consisting of the pacesetter activities. These loci are
located within the mid-corpus of the gastric body where a group of closely associated cells
called the interstitial cell of/cajal have been identified (Bauer et al 1985, Christenten 1992,
Kelly et al 1971). In humans, the slow wave propagates aborally along the gastric smooth
muscle with a typical frequency of 3 cycles per minute (Malagelada 1991). The depolarisation
of the resting membrane potential beyond the threshold action potential generates a series of
smooth muscle contractions that is coupled by a complex network of neurohumoral system
(Sarna 1985). Gastric emptying is a sophisticated process co-ordinated by this motor activity.
A fine-tuning in temporal and spatial organisations is observed in the rhythmic pulsatile
contraction patterns across the antrum and duodenum to optimise this tfanspyloric flow

(Heddle et al 1993, Houghton et al 1988).
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1.1.3 Neuronal and humoral controls of the gastric motility

The stomach consists of a complex network of nervous system and receptors that response to
hormone and neurotransmitters, which modulate the gastric motility tone (Dockray 1994). A
brief explanation is presented here as it involves a vast yet complex interaction that is beyond

the discussion of the scope of current study.

The myenteric plexus of the stomach consists of a network of neurones known as the enteric
nervous system (ENS), which regulates the basal electrical function of the smooth muscle as
discussed earlier. These neurones synapse to the extrinsic and other intrinsic neuronal systems
to generate the local reflex actions. Together with the humoral system, the gastric motility

tone is modulated.

Two extrinsic neuronal pathways, which modulate the gastric motility tone, are the
parasympathetic and the sympathetic systems. The parasympathetic system that acts via the
vagal nerve efferent supplies to the stomach, are the low threshold cholinergic fibres and high
threshold non-adrenergic non-cholinergic (NANC) fibres. The low threshold cholinergic
fibres are capable of stimulating gastric contractions while the NANC fibres inhibit the
gastric contractions. Hence, the vagal nerve system is excitatory and inhibitory depending on
the degree of stimulation (Roman et al 1981). The afferent vagal fibres convey the sensory
stimulation into the autonomic and central output to modulate the gastric motility tone

(Wingate 1993).

The sympathetic pathway to the stomach is supplied from the neurones at the pre-ganglionic
level of the spinal cord. Sympathetic fibres' are inhibitory in nature. They synapse with

neurones in the ENS to modulate the gastric motility tone (Gershon 1991).

Many endogenous neurotransmitters and hormones, which circulate the blood or secrete
locally, modulate the gastric motility by acting directly on the nerve synapse and gastric
smooth muscle receptors. The major group of neuromodulators are substances of non-
adrenergic non-cholinergic (NANC) in nature. Several amines including dopamine, 5-
Hydroxytryptamine (SHT) and gamma-amino butyric acid (GABA) have been identified to

inhibit the gastric muscle tone. Neuropepetides and hormones such as motilin, gastrin
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releasing peptide (CGRP), cholescytokinin (CCK)‘, gastrin, galanin, substance P,
somatostatin, vasoactive intestinal polypepetide (VIP), secretin, glucagon and pepetides YY
are examples of the active substances that modulate the gastric tone in either excitatory or
inhibitory manner (Burks 1994). Other endogenous substénces such as opiate peptides,
prostaglandins and nitric oxide have been identified to influence the control pathway

(Schuurkes et al 1994).

1.1.4 Gastric motility in the fasted and fed states

The small intestine is the main absorption and assimilation site for the food and drugs. It
consists of a large surface area with massive blood supply network, the special carrier systems
and numerous digestive enzymes. The small intestine absorption is influenced by the rate of
arrival of the materials from the stomach. The gastric emptying pattern is diet dependence and

there is a great difference in the motility pattern between the fed and fasted states.

1.1.4.1 Gastric motility in the fasted state

When the stomach is empty, t;xe gastric motility is characterised by a distinctive pattern of
cyclical fluctuations in thé contractions, refers to as the migrating motor complex (MMC).
The MMC initiates in the antrum and propagates distally along the intestinal tract (Kellow et
al 1986). The length and direction of the MMC are variable and they are disrupted by the
ingestion of food. The cycle can be divided into four phases and lasts approximately between
90 and 120 minutes. Phase I is a period of quiescence with little or no motor activity that lasts
up to one hour. Phase II is a period of intermittent motor contractions, which lasts for 30
minutes. The contractions in phase II increase gradually in magnitude and frequency as they
progress into phase III. Phase III, which is often referred as the ‘house keeping wave’, is
characterised by a series of high frequency intensive contractions that last between 5 and 15
minutes. During this phase, all the materials including the non-digestible materials are
propelled into the duodenum. The phase IV is a transition period that follows shortly after the
phase I where the contractions diminish and return to phase I. Clinically, it is difficult to
distinguish the phase IV. Materials that are administered during phase II/III empty faster as
compared to phase I especially for the non-nutrient liquids. Hence, the absorption of the

materials during phase I is expected to be greater than any other phases (Code et al 1975).
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1.1.4.2 Gastric motility in the fed state

The stomach can be functionally divided into two regions by the presence of a transverse mid-
band during the fed state. The function of the transverse mid-band is unclear. However, many
reports have postulated the presence of the mid-band to be related to the redistribution of food

between the proximal and distal stomach (Collins et al 1988, Moore et al 1986).

The proximal stomach regulates the gastric emptying process by the intra-abdominal pressure
difference. Immediately after swallowing food, the pressure within the proximal stomach
drops in response to the vagal reflex to accept food materials. This mechanism is known as
receptive relaxation. The arrival of food in the stomach raises the intra-gastric pressure to a
threshold value where the intra-gastric pressure will remain the same. This accommodation
property protects against the food reflux, and is described as the adaptive relaxation
mechanism (Cannon 1911). The proximal stomach therefore acts as a food reservoir where
materials are redistributed into the distal stomach by a gradual increase in the tonic

contractions of the smooth muscle.

In the distal stomach, a series of co-ordinated contractions is activated, which propel the food
towards the pylorus. On arrival at the pylorus, the pylorus opening shuts to retro-propel the
food back into the distal stomach. In this way, the solid nutrient foods are ground and mixed
before emptying into the duodenum (Malagélada 1991).

During the fed state, the MMC cycle is disrupted. The motor events can be described as a
series of intermittent, non-cyclical contractions similar to the phase II activity. Delay in the
gastric emptying is observed and the duration of disruption depends on the compositions of
the food (Grimes et al 1977, Hunt 1963). The liquid and solid particles, which are less than
2mm in diameter, are emptied immediately but the larger solid particles are retained (Meyer
et al 1981, Meyer et al 1988). The large particles distribute in the antrum are ground and
mixed by a rhythmic antral pyloric contractions described above into the appropriate size
before transiting to the duodenum for further digestion. The pylorus functions as a sieve to
filter of materials according to their sizes (Horowitz et al 1991). Recent studies using the

ultrasound technique suggested that the pylorus is in fact open for a longer period of times
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A
than it is close during the fed state (King et al 1984), which may account for passage of the

large size particles into the duodenum.

The volume of administration affects the gastric motility via the duodenum feedback
mechanism. A large fluid volume distends the proximal stomach by generating a pressure
difference across the gastric duodenum junction, which is big enough to induce rapid
emptying rate during the initial phase. Then a constant fraction of volume is emptied
following the initial phase, which can either be expdnential or linear depending on the type of
fluids ingested (Hunt et al 1954). The gastric emptying rate and onset of the small fluid
volume are also affected by the MMC cycle (Oberle et al 1990).

A constant energy density of the contents is delivered each time through to the duodenum
(Phillips et al 1991, McHugh et al 1979). Lin et al (1989) has reported an initial surge of
glucose in the duodenum, which results in a dose and intestinal length dependence inhibition.
Fatty materials delay the gastric emptying process via the fatty acid receptors that are located
in the small intestine (Annegers et al 1947). The degree of delay depends on the degree of
saturation and the carbon-chain length of the fatty acid. Carbon-chain lengths between 12-18
carbons of the unsaturated fatty acids exert the greatest effect on slowing the gastric emptying
whereas chain lengths of between 2-10 carbons have no effect (Hunt et al 1968). Tryptophan,
which is an essential amino acid in the body, is known to inhibit the gastric emptying process

via the tryptophan receptors located along the small intestine (Stephens et al 1975).

The arrival of chymes into the duodenum stimulates the osmo-receptors to regulate the gastric
emptying rate. The isotonic contents tend to empty faster than the hypertonic and hypotonic
contents. Deflation of the osmo- receptors in responds to the arrival of the hypertonic contents
triggers a feedback mechanism to inhibit the gastric peristalsis. Conversely, when the osmo-

receptors are inflated, gastric emptying rate increases (Hunt 1956).

Previous studies have shown that a constant amount of acid titratable to pH6 is transferred to
the duodenum in unit time. Hence, if the luminal pH of the duodenum is less than this value,
the gastric emptying process-is inhibited (Hunt et al 1962). Increase in the concentration of
the acid content in the meal delays the gastric emptying process more. Those weak acids

having a larger molecular weight slow the gastric emptying rate less effectively, as the
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presence of large anionic couterions hinder interaction between the hydrogen ion and the acid
sensitive chemoreceptors. The inhibition on gastric emptying rate is proportional to the
inverse square root of the molecular weight of the acid contents (Hunt et al 1969). The strong
acids however, have a greater inhibition on the gastric emptying rate with the increase in their
molecular weights (Hunt et al 1972). Furthermore, the neutralisation of the chymes in the
duodenum depends upon the bicarbonates buffering capacity from the pancreatic and

duodenum secretions (Youngberg et al 1987).

The optimum temperature for gastric emptying of a meal is 37°C. Several reports show that
any deviation from the body temperature delays the onset of gastric emptying especially when
the volume of administration is large (Sun et al 1988, Bateman 1982). The viscosity of the

meal has little effect on the gastric emptying process.

1.1.5 Physiological factors affecting gastric emptying process

Many physiological factors as described above affect the gastric emptying process. Other
endogenous factors such as the posture, body mass index, gender, age, psychological stress
and the type of routine diets also influence this process (Barkin et al 1988, Madsen 1992).
The findings are often conflicting. Hunt (1963) demonstrated in subjects who ingested a
750ml solution either in head down or head up position, the amount of solution remaining in
the stomach measured at a given interval is significantly greater with the head down position.
’Pl{é liquid preparations that do not activate the braking mechanism are emptied faster when
the subject lies on the right side. Ingestion of the food when upright compares to the supine
position favours the gastric emptying by the assistance of the gravitational force (Rainbird et
al 1987). A study using the alginated antacid has shown that the antacid emptied faster than
the meal when the subjects were lying on their left than right side (Bennett et al 1984).

The gender-related gastric emptying rate difference is most probably arises from the cyclical
variations in the female sex hormone, progesterone (Datz et al 1987). Age related delays in
the gastric emptying rates in both solid and liquid meals are subjective (Fich et al 1989,
Horowitz et al 1984, Moore et al 1983). The gastrointestinal response to stress is adaptive,

hence, the effect on the gastric emptying rate is often controversial (Cann et al 1983,
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Thompson et al 1983). As inter and intra-subject variations in the gastric emptying rate are

large, comparison studies can be conflicting especially when the population is small.

1.1.6 Pathophysiological and pharmacological factors affecting gastric emptying process

Gastric motility can be altered by the disease states. The disturbance in the contractions of the
stomach and the small intestine may result in either a delayed or an accelerated gastric
emptying and is usually presented as a series of common symptoms such as nausea, vomiting,
belching, fullness, early satiety, upper abdominal pain, heartburn, anorexia and sometime
weight loss. Diseases such as diabetes mellitus, non-ulcer dyspepsia, anorexia nervosa, gastric
and duodenum ulcers, connective tissue disorders, chronic idiopathic pseudo-obstruction and
myotonic dystrophy share some forms of gastrointestinal motility dysfunction. Surgeries
including gastric resection, vagotomy and gastrectomy, which are the solution to many
diseases, may create new forms of motility disorders that can be either temporary or

permanent (Smout et al 1994).

Many pharmacological interventions are used to control the gastrointestinal motility
dysfunction. Delay in gastric motility can be improved with th€ prokinetic drugs. The
dopamine-2 receptor antagonists including the metoclopromide and domperidone are found to
be useful in enhancing the gastric emptying rate and small bowel motility. Domperidone,
which can not cross the blood brain barrier to cause extrapyramidal side effects via
acetylcholine (ACh) receptors in contrast to metoclopamide, is more acceptable (McCallum
et al 1983). Cisapride, which behaves like SHT, agonists, acts by stimulating the release of
acetylcholine in the myenteric plexus increasing the gastrointestinal motility tone, is amongst
the most effective motility promoter (Fraser et al 1994%). Many cytotoxic drugs including all
the alkylating agents cause nausea and vomiting as the classical side effects to chemotherapy
treatment. The SHT; antagonists such as granisetron and ondensetron are powerful anti-
emetic agents that inhibit the vagal afferent fibres, which possess promotility activities
(Grundy et al 1994, Talley et al 1990). Recently, the antibiotic erythromycin has been
discovered to possess a strong prokinetic property by binding to the motilin receptors in the
gut (Peeters et al 1994, Tack et al 1992). '

25



Accelerated gastric emptying process although less prevalent clinically, has no known drug
treatment. A small frequent meal with low carbohydrate is advised to reduce the gastric
emptying rate. Low dose opiates such as the morphine and loperamide are used commonly in

treating diarrhoea (Borody et al 1985, Kachel et al 1986).
The use of gastric acid suppressers including histamine-2 receptor antagonists and proton
pump inhibitors may affect the gastric digestion and motility. The effect of histamine-2

receptor antagonists such as raniditine and cimetidine on gastric motility is conflicting

(Parikh et al 1994).

1.2 Techniques for monitoring gastric emptying process

1.2.1 Direct methods

1.2.1.1 Gastric intubation

The gastric dye dilution technique uses intubation of a nasogastric tube for sampling gastric
contents by aspiration, has first been documented by Hunt et al (1954) to understand the
physiology of gastric emptying process. A test meal is drunk either before or after ingestion of
known concentration phenol red, which is a non-absorbable water-soluble marker, is added.
After mixing with several aspirations, a further known concentration of phenol red is added
before the gastric contents are sampled. The gastric volume can be estimated by using the
spectrophotometric determination of the dye concentration in the gastric aspirates (Hurwitz

1981).

The technique is based on the assumption that the dye attains a rapid distribution and
equilibrium within the gastric contents. No gastroduodenal reflux occurs during sampling.
The procedure itself may result in the alteration of the gastric motility. Due to the complexity,

discomfort and invasiveness, its research and clinical usage is limited.

The gastric emptying of the meals measured with the dye dilution technique is comparable to

the gamma scintigraphy technique (Beckers et al 1992). The method has shown to be accurate
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and repeatable (Sheiner 1975) and can be used to estimate the emptying of both solid and
liquid meals (Akkermans et al 1991).

1.2.1.2 Radiology

The commonly used radio-opaque marker is barium sulphate, which can be incorporated into
both solid and liquid meals for the sequential X-ray imaging to monitor the gastric emptying
process. The normal gastric emptying rate of the barium meal is 2-3 hours. Prolongation
beyond this time period indicates possible gastric stasis. The technique is semi-quantitative as
it can only estimate the total gastric emptying time. Although barium sulphate is not a
physiological marker, it provides a good estimation for the gastric emptying process
resembling the solid indigestible meal (Feldman et al 1984). Recently, barium sulphate has
been incorporated into capsules where emptying of the capsules from the stomach reflect the

first occurrence time for the antral obliterating contractions (Chang et al 1997).

This technique is non-invasive, accurate and reproducible data can be obtained (Hebbard et al
1995). The exposure to a high dose radiation has limited the number of repeat measurements,
and it is not suitable in children, pregnant women and women of child bearing age (Corazziari

et al 1993). The studies utilise standard equipment and experienced radiographers.

1.2.1.3 Ultrasonography

Serial real time ultrasound, which scans parallel to the long axis of the stomach by placing an
ultrasound probe over the abdomen at the level of the epigastrum post-prandially, allows the
dynamic imaging of the stomach. The method provides a quantification of the gastric volume
after ingestion of a test meal and monitors the gastric motility in the antrum and pylorus
(Bateman et al 1982, Berstad et al 1994).

The technique is relatively inexpensive and completely non-invasive. It allows physiological
monitoring of the gastric emptying rate of both solid and liquid meals at bedside.
Ultrasonography has been shown to correlate with the gamma scintigraphy technique and is
repeatable (Gilja et al 1997). The operating procedure is however highly dependent upon the

operator. The technique has also been described as time-consuming and cumbersome. The

27



accuracy can be disrupted by the presence of gastric air, which distorts the ultrasound image.
Even though both the solid and liquid meals can be use, it is not yet possible to distinguish
between the contents. Experienced ultrasonographer is required for identification of the
anatomical structures and image interpretation during gastric emptying studies (Bolondi et al
19859).

1.2.1.4 Magnetic resonance imaging

The magnetic resonance imaging (MRI) has many clinical uses and current advance in
technology further extends its application into the dynamic monitoring of gastric emptying
and gastric motility in a non-invasive manner. The meal is labelled with a non-toxic and non-
absorbable physiological marker that provides a contrasting medium for MRI. Schwizer et all
(1992) first described the MRI in monitoring gastric emptying using a liquid phase marker
[Gd]-DOTA. The subject was placed in a magnetic field generated by the MRI magnetic
scanner in a supine position with restrained movement and posture. By performing the
multiple transaxial T1-weighted sections, the three-dimensional images of the meal and
stomach can be constructed. The gastric emptying curve is obtained by performing an area of
interest mapping. The technique has shown a good correlation with the double indicator

technique involving intubation and the gamma scintigraphy technique.

The echo-planar MRI currently available, with snapshot images requiring a data acquisition
time of only 64-128 msecs, can also monitor the gastric motility using a fast coronal scan that
allows simultaneous recording of the gastric volume and gastric contraction of the whole

stomach. This is not possible with the ultrasonography (Fraser et al 1994°, Evans et al 1993).

As there is no exposure to any forms of radiation and other health hazards, the prolonged
monitoring is not under ethical concerns. In fact, since the gastric volume and the meal
volume are calculated, by subtracting these volumes, we are able to describe the gastric
secretion process. With the advance in computer technology, it may possible in the future to

distinguish the meal contents, especially the fatty components.

To date, the clinical usage is limited due to the cost of the equipment. The technique is

monitored with the subject at the supine position and only gastric emptying of the liquid meal
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has been demonstrated as there is no suitable solid marker, which confines its use in research
at present. Further development and justification are yet required to explore the full potential

of this powerful tool (Schwizer et al 1994).

1.2.1.5 Gamma scintigraphy

Gamma scintigraphy is currently the gold standard for evaluating the transit of meals and
different dosage forms along the gastrointestinal tract. The incorporation of the gamma-
emitting radionuclide into a test meal allows a non-invasive monitoring of the gastric
emptying process by the external gamma scintigraphic equipment. The standard radionuclides
are non-absorbable, non-toxic and relatively cheap with half lives long enough to cover the
gastric phase transition time. Radionuclides such as #mTc, ¥ and "'In have low radiation
burden. They are adsorbed specifically and distributed homogeneously in the test meal
(Thomforde et al 1985). More than one radionuclide can be scanned simultaneously in the
same subject to determine the gastric emptying of both solid and liquid meals. These nuclides
emit different photon energy, which is specific to each radioactive nuclide (Malagelada et al

1984, Davis et al 1986, Mitchell 1997).

Both single and dual headed gamma cameras are used in the current practice, a triple headed
rotating camera will be available in the near future can create a three dimensional
visualisation of the gastric motor activity. The accuracy of the image acquisition depends on
the position and distance of the detector head. A radiolabeled marker is placed on the iliac
crest to position detector head accurately. Errors arise from the gamma ray attenuation is due
to the nuclei decays, movement of the radiolabeled food and the subject. This can be
counteracted by either calculating the geometrical mean radioactive value using a dual headed
detector camera or by application of the correction factors derived from a lateral image of the

stomach (Akkernams et al 1994, Collin et al 1984, Hardy et al 1985).

If two or more radionuclides with the photon energy levels which overlap, are scanned
simultaneously, interference from both the low and high energy windows may arise that result
in deflection of the radiation. This interference can be minimised by using a small amount of
the high-energy isotope on a separate occasion to demonstrate the background interference.

Septal penetration is a phenomenon where the gamma emission ray enters the detector at an
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angle instead of between the parallel head septal of the detector. This effect is not significant
provided the deflection is constant throughout the study period (Loo et al 1984).

The technique allows the dynamic and quantitative monitoring of the gastric emptying of a
wide range of physiological meals as well as pharmaceutical dosage forms in both supine and
erect postures. Once the system has been set up, it is easy to use. This method is accurate,
reproducible and correlates well with other techniques. However, day to day variations in
gastric emptying rates of the same type of meals were demonstrated intra and inter-

individually in the liquid and solid meals, respectively (Brophy et al 1986).

Gamma scintigraphy equipment is costly and repeat measurements are limited due to the
exposure to the radiation. Monitoring with gamma scintigraphy is not suitable in children,
women of childbearing age and pregnant women. The use of the radionuclides introduces
gxpense of handling and difficulties in manufacturing radioactive dosage forms that are
appropriate for administration and maintenance of their radioactive labels. In addition,
although the gated gamma scintigraphy allows assessment of regional variations in the antral
contractions, it does not permit the variations of individual contraction to be evaluated due to
the long acquisition time (Stacher et al 1987, Jacobs et al 1982). As the volume of the gastric
secretion can not be accessed, the radionuclide may dilute to an unknown degree especially
for the liquid phase marker. When comparing to radiology, computerised tomography,
ultrasound and magnetic resonance imaging, the scintigraphic image's resolution is inferior.
In subjects with large stomach, the overlapping with the bowel may result in difficulties in

mapping the region of interest (Wolverson et al 1982).

1.2.1.6 Electrical impedance tomography

Electric impedance tomography (EIT) is a technique that images the distribution of resistivity
of the tissues within a body region (Jongschaap et al 1994, Dijkstra et al 1993). It began for
practical purposes just over a decade ago, where a prototype system, which is suitable for
clinical use, has been developed. Two types of EIT have been used to monitor gastric

emptying.

1.2.1.6.1 Impedance epigastrography
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Epigastric impedance is a portable device, which consists of a combined monitor and
computer that can be connected to a chart recorder or tape recorder. Four electrodes are used
and an alternating current of 4mA at 100kHz is applied through two input electrodes. The
changes in the tissue resistivity are measured as the changes in the potential difference across
the four electrodes. Epigastric impedance gives a direct reading of the impedance with data
stores in the computer and output signal records on the chart or tape recorder (McClelland et
al 1985). "

1.2.1.6.2 Applied potential tomography

Applied potential tomography (APT) on the other hand consists of a data collection module,
visual display unit, computer and the printer. It uses 16 electrodes, which are placed in a
circular array around the upper abdomen. An alternating current of SmA at 50kHz is passed
between one pair of adjacent electrodes and the potential different between the remaining 13
electrodes are measured. When one pair of electrodes acts as the drive electrodes, one cycle
has been performed. One data set consists of 150 cycles. The initial data set is recorded and
the subsequent data sets are back projected against the initial set to produce an image of
change in resistivity in the plane of electrodes. To follow the gastric emptying process,

several pre-prandial images are obtained over short time intervals as the baseline reading.

As the electric impedance tomography measures the change in the gastric impedance, it is
expected that the gastric acid secretioh and bile acid reflux can alter the electrolyte balance
and the ionic strength of the test materials. Gastric acid secretion may prolong the gastric
emptying half-life of the conducting meal whilst reducing the gastric emptying half-life of the
non-conducting meal. Acid secretion can be inhibited by the ingestion of histamine-2 receptor
antagonists such as cimetidine and ranitidine at approximately 1 to 12 hours prior to the start
of the test to improve the reproducibility of the measurement. Recently; APT has been used to
evaluate the basal acid output due to its sensitivity to acid secretion (Sarker et al 1997).
Ideally, electrodes should be placed over the body of the stomach to reflect the emptying from
the whole stomach. However, as the position and the shape of the stomach in humans vary,
the location of the electrodes may not be at an optimum position for imaging. In addition,

movement of the subject may influence the measurement of the impedance especially with
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the epigastric impedance technique. The 16 electrodes that are placed midway between
xiphisternum and costal region in the APT measure the changes in resistivity over a band of
approximately 8cm wide, which overcome the above problem when epigastric impedance
technique is used. Another advantage of the APT over epigastric impedance is that it can
measure the gastric emptying of both semi-solid and liquid meals. Epigastric impedance has
only been used to measure liquid meals (Mangnall et al 1988). Recent developments in EIT
systems have brought about the possibility of a real-time impedance measurement
(Smallwood et al 1993). This has opened the potcn.tial for monitoring and quantifying gastric

motility.

Although there is a good correlation between measurement with electric impedance
tomography and other techniques, there is a generally lack of accuracy and resolution (Avill et
al 1987). It also does not distinguish between the liquid and the solid meals or specific dosage
forms such as tablet or capsule. However, due to its non-invasiveness, quick data analysis,
repeatable and cheap properties, it is attractive in clinical diagnosis and research experiment

especially with infants, breast-feeding and pregnant women (Nour et al 1995).

1.2.2 Indirect methods

Two indirect methods have been used to estimate the gastric emptying rate. The absorption of
the orally administered drugs such as paracetamol depends on the rate of delivery of the drug
to the small intestine. Blood or salivary concentration of the drug can indirectly estimate the
gastric emptying rate (Clements et al 1978, Heading et al 1973, Yuen et al 1997). The
estimation based on pharmacokinetic of the drug is less accurate as many other factors also

influence the absorption process.

Recently, a radiolabeled CO, breath test has been developed to measure the gastric emptying
process. The solid and liquid test meals are incorporated with the C-radiolabeled octanoic
acid and acetate as markers, respectively. Rapid breakdown of the test meal occurs in the
duodenum releases the marker. This marker is quickly absorbed and transported to the liver
where it is preferentially oxidised to CO,. The rate of the CO, excretion in the breath is
correlated with the emptying of the meal (Meas et al 1994, Mossi et al 1994). The breath test

is based on the assumption that the gastric emptying rate is the rate-limiting step for CO;
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excretion. Good correlation with other standard methods such as gamma scintigraphy and
double detector technique has been reported (Cummings et al 1996). The method is non-
invasive, reproducible, cheap and without discomfort. No radiation is required, therefore it is
repeatable and can be performed on children and pregnant women. Field-testing is feasible as

breath samples can be collected away from the analyst centre.
1.3 Quantification of the gastric emptying process

The gastric emptying process can be characterised by both graphical and mathematical
approaches. The common description of gastric emptying process is the gastric emptying half
time (GEsp) which is the time for 50% of the test sample to be emptied from the stomach.
This value can be taken from the graphical presentation of the percentage of the test sample
remaining in the stomach effectively using only two sampling time points. Hence, the value
represents only very crude picture of the whole gastric emptying process. The GEsg value can
also be difficult to determine when the gastric emptying curve is irregular in shape.
Furthermore, the time interval between the measurements affects the smoothness of the
gastric emptying curve and is therefore another crucial point for the accuracy in the value

derived.

Grimes and Goddard (1977) introduced the ‘emptying index’ to describe gastric emptying
curve. The emptying index can be calculated using the simple mathematical expression as

given below:
‘index’ = (1-f1)/A

where fr = fraction of the initial volume remaining in the stomach at the last observation time
and A = area under the normalised emptying curve. Although the whole gastric emptying
profile is taken into consideration, the incorporation of a non-dimensional value of 1.0 always
considers complete emptying regardless of the shape of the emptying profiles. Furthermore, if
the fr value changes proportionally with A value, different emptying profiles can have the

same index value.
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Podczeck et al (1995°) described a novel mathematical approach based on the statistic
moments to characterise the gastric emptying profile. The gastric mean residence time

(GMRT) and its variance (VGRT) can be calculated with the expressions below:

Imax

[t.Par
GMRT = '———
AUC

max
[Z.Pdt
VGRT = "* _ GMRT?
AUC
where P, = % remaining in the stomach at time ¢ and AUC = area under the gastric emptying
curve. The GMRT is defined as the value of the centre of gravity of a triangle that is equal in
area to the gastric emptying curve. Hence, the whole gastric emptying curve is taken into

account.

A good correlation between GMRT and GEsp values of gastric emptying profiles of
theophylline pellets using gamma scintigraphy has been demonstrated by Podczeck et al

(1995%). However, the correlation was not 100% as the calculation approaches differ.

1.3.1 Gastric emptying analysed by the Moore and Wallis trend analysis

The gastric emptying curves that show considerable fluctuation, their onset and completion
can be difficult to detect. Such measures influence the time at which the AUC should be
measured. The calculation of gastric emptyiﬁé characteristics using the statistical moments
analysis, can be improved by incorporating a significance test based on the Moore and Wallis
(1943) trend analysis which identifies the filling and emptying phases in the gastric emptying
process. The analysis uses sequences in direction of movement and a series of time intervals
known as the ‘phase’ can be constructed based on the changes in the signs. It is a sign test,
which requires no assumption about the form of the population unless, the expected

frequency distribution of the phase duration is to be calculated.
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The advantages are speed, simplicity of application and freedom from dependence upon
complex mathematical methods such as least squares. The method is also adaptable to the
cases where the sequences are either abnormally long or short. However, the analysis can
occasionally lack of the sensitivity to detect the primary trend and this can be resolved by
comparing it to other rank correlation techniques for confirmation. The secondary fluctuation

within a sequence is more likely to be concealed especially in the case of gradual movement.

1.4 pH throughout the gastrointestinal tract

1.4.1 Acid secretion in the stomach

The stomach secretes acid and components such as intrinsic factor and mucus that form the
main constituents in the gastric juice. As early as the 1820s, Beaumont had described the
presence of gastric juice and its functions. Acid secretion is generated by the K*/H" APTase
pump located within the parietal cells in responses to various chemicals such as gastrin,
acetylcholine, histamine, enteroxyntic and circulating peptides. Blockage of the H'/K"
APTase pump by chemicals such as omeprazole and lansoprazole are used in clinical

treatment of both peptic and duodenum ulceration.

The acid secretion is mainly stimulated during the gastric phase (control mechanism from the
stomach) as a result of the stomach distension by the meal. The cephalic phase (higher brain
control) accounts for approximately 30% of the acid secretion depending on the nature of the
meals and on a non-physiological process known as the sham-feeding. As the meal arrives at
the small intestine, small amount of acid secretion is stimulated in the stomach. The intestinal
phase (control mechanism from the small intestine) however, is mainly involved in the
release of cholescytokinin, which opposes the action of gastrin and results in the inhibition of

acid secretion from the stomach (Johnson 1997).

1.4.2 Interluminal pH along the gastrointestinal tract

The pH values of the luminal contents vary along the gastrointestinal tract and range between
1.5 and 7.5 (Meldrum et al 1972, Evans et al 1988). The parietal cells produce acid that

maintains a mean pH value of 2 during the fasted state. As the parietal cells locate mainly in
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the gastric fundus, the luminal pH is expected to be the lowest in this region. The gastric
luminal pH is therefore not one entity and it shows regional (Fisher et al 1997) as well as
circadian variations (Stein et al 1994). A 24-hour ambulatory monitoring on gastric body and
antral using the healthy volunteers has shown that the pH value in the gastric body increases
in response to a meal whereas the pH values in gastric antral rises during the night time due to
duodenum reflux (Mclauchlan et al 1989). The luminal contents of the small intestine on the
other hand range between 5.5 and 7.5 with mean pH value of 6.6 at the proximal small
intestine and the value progressively increases to ‘mean pH of 7.4 at terminal ileum. The
steepest pH changes of at least 2 units are observed at the proximal duodenum due to the
bicarbonate ion secretion from the pancreas and intestinal mucosa and the buffering effect of
the bile salts produced in the liver (Ovesen et al 1986). The luminal pH value drops to 5.5 at
the caecum and then increases gradually from the right to the left colon to a final pH of 7.4.

Acid secretion is at its highest level during the first hour of post-prandial state. The foods that
enter the stomach act as a buffer to temporarily neutralise the secreted acid and increase the
pH from 2.0 to 6.0-6.5. The pH value then gradually returns to fasting pH within 2 hours. In
the small intestine, the return to basal pH value is observed only after 4 hours of ingestion. No
difference has been found in the pH ranges between gender and no correlation has been
established between the gastric and duodenum pH values in both fasted and fed states
(Dressman et al 1990). However, age affects the acid secretion process. Ageing has

demonstrated to be associated with an increase in the gastric acid secretion especially in man.

The variation of pH along the gastrointestinal tract has profound effect on the stability,
absorption and dissolution of the weak acids and bases. The luminal pH changes in the
stomach may alter the rate of degradation of the acid labile materials and the bioavailability of
enteric coated and slow released formulations (Youngberg et al 1987). According to the pH
partition hypothesis, the absorption of weak acids and bases depend on the dissociation
constants and pH of the medium (Shore et al 1956). Weak acids and their salts are unionised
in the stomach where they can be readily absorbed whereas weak bases and their salts are
ionised and can only be absorbed at the small intestine where the pH is more favourable
(Schanker et al 1957). The solid contents depend on the luminal pH for its disintegration and
dissolution. A liquid content on the other hand may precipitate at certain luminal pH value

depending on its nature.

36



As stomach is not the major organ for absorption, the weak acids and theirs salts despite their
ionisaﬁon states in the small intestine are mainly taken up due to the large surface area for the
absorption process (Hogben et al 1959). The pH of the microclimate of the stomach and
intestinal mucosa determine the ionisation ratio and the permeability of the contents through
the mucosa. The microclimate pH is regulated by an ion exchange mechanism and is less

affected by the luminal pH value.

1.5 Assessment of gastric pH and secretion

1.5.1 Monitoring gastric pH profile by pH sensitive radiotelemetry capsule

Radiotelemetry is a device used to measure in vivo the value of pH, temperature, redox
potential and pressure by radio transmission (Evans 1993). The pH-sensitive radiotelemetry
device consists of a pH sensitive capsule, a radio detector and the chart recorder. The capsule
acts as a transducer with electric circuitry that converts the measurement in a radio frequency
and transmits the signal to an external radio receiver via an aerial detector system. Two types
of electrode are built to the capsule for pH detection. The pH sensitive radiotelemetry capsule
consists of a hydrogen sensitive glass electrode and an in-built sodium chloride reference
electrode to sense the pH changes (Colson et al 1980). The Heidelburg capsule on the other
hand composes of either a poly- or monocrystalline antimony sensor (Noller 1962). Both

types are commercially available.

The capsule can be swallowed freely and allowed to pass through the gastrointestinal tract by
the force of gravity and peristaltic contractions. The location of the capsule in the
gastrointestinal tract can be sensed by a sudden change in pH values as the capsule transits
from stomach to the duodenum, from ileum to the colon and then from ilea fossa to the rectal.
The capsule can also be tethered singly or in multiples along the whole length of
gastrointestinal tract in order to measure pH at a specific location. Practically, the maximum
numbers of capsules that can be tethered are three as this is limited by the frequency
separation necessary to allow for clear transmission of the signal (Morris et al 1987). The free
fall radiotelemetry capsule is more vulnerable to signal loss than the tethered capsule

(Branicki 1982). Recently, the pH-sensitive radiotelemetry capsule has also been implanted
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surgically into the stomach wall for a long term pH monitoring. Most of the work has been
performed on animals and the only human-based experiment is by incorporating with an
endoscopically controlled stapling device that implants the capsule at gastric body (Swain et
al 1992). The implant stays intact within the stomach for three months without causing

complications.

Radiotelemetry capsule has several clinical and research applications. For example, the
tethered radiotelemetry capsule has been used to ‘measure the lower oesophagus sphincter
competent in hiatus hernia patient. It is also used as an indicator in the diagnosis for the
gastro-oesophagus reflux diseases by a 24 hours ambulatory oesophagus pH monitoring
(DeMeester et al 1976, Fehr et al 1966, Vitale et al 1984). The gastric and duodenum pH
values can be monitored using either a free fall or a tethered radiotelemetry capsule (Watson
et al 1965, Wiliamson et al 1969). The circadian pH pattern has also been measured for
information in relationship to acid suppression by the acid blocking drugs (Patel et al 1992,
Reynolds et al 1987). Transit time of ingested materials across the gastrointestinal tract can be
monitored with a free fall radiotelemetry capsule in a non-invasive manner as compared to the
gamma-scintigraphy (Coupe 1991, Hardy et al 1991, Mojaverian et al 1989). Pathological
features related to abnormality in gastrointestinal pH such as cystic fibrosis, after
gastrointestinal surgery and pouchitis can also be diagnosed (Chattopadhay et al 1990, Gilbert
et al 1988, Watson et al 1966). Its pharmaceutical usage includes the evaluation the novel
drug targeting such as the delivery of enteric coated and slow released preparations (Hardy et

al 1987, Alioth et al 1993).

The pH-sensitive radiotelemetry capsule is more accurate when compared to the conventional
methods. It retains contact with gastric juice for a long period of time and consists of a large
surface area for pH sensing. The capsule is also less likely to be contaminated and affected by
the presence of food. Tethered radiotelemetry capsule can be placed at any site along the
gastrointestinal tract without X-ray screening. Reynolds et al (1986) has shown that the

ambulatory pH monitoring using the nasogastric tube and the radiotelemetry are comparable.

In summary, the radiotelemetry capsule is non-invasive yet durable for measuring pH along

the gastrointestinal tract of the human.
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1.6 Background on 4-Aminosalicylic acid

After first being synthesised in the German laboratory in 1889, 4-aminosalicylic acid (4ASA),
also known as para-aminosalicylic acid came into notice as a safe anti-tuberculotic agent
given at a relatively high dose, in the late 1940s. The emergence of the resistant strain of
Mpycobacterium tuberculosis and the gastrointestinal intolerance to 4ASA together with the
introduction of ethambutol in 1960s reduced the demand of 4ASA. The removal from the
market came at the same time as a rise in frequéncy of the multi-drug-resistant strain M.
tuberculosis, which frequently necessitates the use of 4ASA in the cocktail therapy. In the late
1970s, scientists discovered S-aminosalicylic acid (SASA) to be the active moiety of
sulfasalazine, which is used in the treatment of inflammatory bowel disease (Van Hees et al
1980). 4-Aminosalicylic acid, which is an isomer of SASA, has been tested to possess a
comparable anti-inflammatory action. This discovery has lead to re-establish the potential

medicinal usage of 4ASA.

Since the 1980s, a series of clinical studies have been organised throughout the world to
investigate the potential of this new candidate for the treatment of inflammatory bowel
disease (IBD). Gandolfo et al (1987), Ginberg et al (1992) and Selby et al (1984) compared
the effect of 4ASA to placebo either in acute or short-term maintenance therapy up to 12
weeks in the ulcerative colitis patients, significant improvements in clinical, histological and
sigmoidoscopic variables were concluded. Schreiber et al (1994) compared 4ASA with SASA
in the patients in remission from either ulcerative colitis or Crohn’s disease, the results
reported were similar to those published by Prantera et al (1992) using a different formulation
of SASA. Campieri et al (1984) and Nagy et al (1989) compared the effect of 4ASA with
either sulphasalazine or SASA in an acute episode of ulcerative colitis with enemas whilst a
proportion of the patients in the Campieri study were also on maintenance therapy with
salphasalazine throughout the trial. Whether the drugs were given for treatment of an acute
episode or for maintaining patients, the results were the same among the different drug
treatments; they were equally efficacious. Marteau et al (1995) compared 4ASA with SASA
in the moderately active ulcerative colitis and also reported equivalent efficacy of both the
drugs. In addition, the gastrointestinal tolerance was claimed to be much better in the 4ASA
treatment group. A study by O’Donnell et al (1992) attempted to establish the efficacy of

4ASA relative to the conventional therapy using topical steroids i.e. hydrocortisone and
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