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ANATOMY AND PHYSIOLOGY

The stomach has several functions:

1. it acts as a reservoir for food,

2. it processes it into fluid chyme which facilitates the absorption of nutrients from
the small intestine,

3. it regulates the delivery of food to the small intestine where the nutrients are
absorbed,

4. it produces acid which is bacteriostatic, since ingested food is not sterile, and it also
produces the correct pH for pepsin to function.

The stomach is located in the left upper part of the abdomen immediately below the
diaphragm. In front of the stomach are the liver, part of the diaphragm, and the anterior
abdominal wall. The pancreas, the left kidney, the left adrenal, the spleen and the colon are
located behind it. When the stomach is empty, it contracts, and the transverse colon ascends
to occupy the vacated space. The size, shape, and position of the stomach can vary quite
considerably depending upon the extent of its contents as well as upon the tension in the
muscles of its walls. The opening from the oesophagus into the stomach is the
gastrooesophageal sphincter or junction. It is also known as the cardia. The pylorus is the
outlet from the stomach into the duodenum.

Organisation of the stomach

The stomach can also be divided into three anatomical regions (Figure 5.1). The uppermost
part is the fundus, which after a meal is often seen to contain gas. It also produces slow
sustained contractions which exert a steady pressure on the gastric contents gradually
pressing them in an aboral direction. The largest part of the stomach is the body which acts
as a reservoir for ingested food and liquids. The antrum is the lowest part of the stomach.
It is almost funnel-shaped, with its wide end joining the lower part of the body of the
stomach and its narrow end connecting with the pyloric canal. The pyloric portion (the
antrum plus the pyloric canal) of the stomach tends to curve to the right and slightly upward
and backward and thus gives the stomach its J-shaped appearance.
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Figure 5.1 Structure of the stomach
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Figure 5.2 Structure of the stomach wall

The stomach adapts to increasing volumes of food by receptive relaxation, which
allows the stomach to expand with little variation in intragastric pressure. The distal or
antral portion of the stomach has a wall composed of thicker muscle and is concerned with
regulation of emptying of solids by contraction, and by acting as a gastric homogenizer and
grinder. It is co-ordinated with the body in the propulsion of gastric contents towards the
pylorus. The pyloric sphincter has two functions. It sieves the chyme and prevents large
particles of food from being emptied from the stomach before solid masses have been
sufficiently reduced in size. It also prevents reflux of duodenal material containing bile and
pancreatic enzymes which may damage the gastric mucosa.

Mucosa

The mucosa of the stomach (Figure 5.2) is thick, vascular and glandular and is thrown into
numerous folds or rugae, which for the most part run in the longitudinal direction, and
flatten out when distended. The mucosal surface of the stomach is lined by a single layer
of simple columnar epithelium, 20 to 40 pm in height. Approximately 3.5 million gastric
pits (foveolae) puncture the lining, each of which serves approximately 4 gastric glands
(Figure 5.3). The distribution of gastric glands varies throughout the stomach. The first
region, 1.5 to 3 cm in length, around the gastric cardia or gastro-oesophageal junction,
contains the cardiac glands. The second region, the fundus and body, contains the acid-
secreting glands. The third region, which contains the pyloric or antral glands, includes the
pylorus and extends past the antrum to the lesser and greater curvatures.

Gastric mucus

The surface of the mucosa is always covered by a layer of thick tenacious mucus that is
secreted by the columnar cells of the epithelium. Gastric mucus is a glycoprotein which
lubricates food masses, facilitating movement within the stomach, and forms a protective
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Figure 5.3 Structure of a gastric pit

layer over the lining epithelium of the stomach cavity. This protective layer is approximately
140 pm thick in humans and is a defence mechanism to prevent the stomach from being
digested by its own proteolytic enzymes (Figure 5.4). The barrier is enhanced by the
secretion of bicarbonate into the surface layer from the underlying mucosa. As the hydrogen
ions diffuse across the mucus layer from the lumen, they meet bicarbonate secreted from the
underlying mucosa, thus setting up a pH gradient. The mucus is continually digested from
the luminal surface and is continually being replaced from beneath. It has been estimated
that the turnover time of the mucus layer, i.e. from production to digestion, is in the order
of 4 to 5 hours. However, it may be slower since any interaction with the mucosa causes
it to secrete copious amounts of mucus, making accurate measurements problematic.

H2 H' Pepsin
Degraded LUMEN
Glycoprotein  DIGESTION

pH Gradient

MUCOSAL
SECRETION

HCO . Mucus

Figure 5.4 Mucus degradation in the stomach
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Gastric glands

The gastric glands are located beneath the surface epithelium and open into small pits or
foveolae gastricae. There are approximately 100 gastric pits per square millimetre of surface
epithelium. Between three and seven glands open into each pit.

The gastric mucosa contains five different types of cells. In addition to the tall
columnar surface epithelial cells mentioned above, the other common cell types found in the
various gastric glands are:

(1) Mucoid cells which secrete mucus and are found in all the gastric glands. They
predominate in the gastric glands in the cardiac and pyloric areas of the stomach. The necks
of the glands in the body and fundus are also lined with mucoid cells.

(2) The chief or zymogen cells are located predominantly in the gastric glands in the
body and fundus. These cells secrete pepsinogen, the precursor for the enzyme pepsin.

(3) Hydrochloric acid is secreted by the parietal or oxyntic cells which are mainly
located in the body and fundus of the stomach (Figure 5.5). They are also responsible for
secreting most of the water which is found in the gastric juice and a protein called intrinsic
factor. Parietal cells are almost completely absent from the antrum.

(4) Endocrine cells or endocrine-like cells. The endocrine cells throughout the antrum
secrete the acid-stimulating hormone gastrin. The endocrine cells are scattered, usually
singly, between the parietal and chief cells.

Blood and nerve supply

Arterial blood is brought to the stomach via many branches of the celiac trunk. The celiac
trunk is a short, wide artery that branches from the abdominal portion of the aorta, the
main vessel conveying arterial blood from the heart to the systemic circulation. Blood from
the stomach is returned to the venous system via the portal vein, which carries the blood
to the liver.

Both parasympathetic and sympathetic divisions of the autonomic nervous system
supply the stomach. The parasympathetic nerve fibres are carried in the vagus (10th
cranial) nerves. As the vagus nerves pass through the opening in the diaphragm together
with the oesophagus, branches of the right vagus nerve spread over the posterior part of the

Figure 5.5 Distribution of parietal cells in the stomach. Note their absence in the antrum
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stomach, while the left vagus supplies the anterior part. Sympathetic branches from a nerve
network called the celiac, or solar plexus accompany the arteries of the stomach into the
muscular wall.

Gastric secretion

The human stomach secretes between 1.0 and 1.5 litres of gastric juice per day. This juice
is highly acidic because of its hydrochloric acid content, and it is rich in enzymes. Gastric
juice provides a medium for soluble food particles to dissolve and it initiates digestion,
particularly for proteins.

Acid secretion

The composition of the gastric juice varies according to the stimulus and the secretion rate
(Figure 5.6). It is a mixture of water, hydrochloric acid, electrolytes (sodium, potassium,
calcium, phosphate, sulphate, and bicarbonate) and organic substances (mucus, pepsins,
and protein). Parietal cells can secrete hydrogen ions at a concentration of 150 mmolar. In
comparison, the hydrogen ion concentration in the blood is 40 nmolar. Pure parietal cell
secretion is diluted to between 20 and 60 mmolar by non-parietal cell secretion. Normal
adults produce a basal secretion of up to 60 ml per hour containig approximately 4 mmoles
of H*. This can rise to more than 200 ml, and between 15 and 50 mmoles per hour, when
maximally stimulated.

Hydrogen ions are produced by metabolic activity in the parietal cells (Figure 5.7).
The key reaction between water and carbon dioxide is catalysed by carbonic anhydrase. The
bicarbonate produced diffuses back into the bloodstream and after a meal, its concentration
is sufficient to produce a marked alkalinity in the urine called the “alkaline tide”. The
hydrogen ions are actively pumped into the stomach lumen in exchange for potassium ions.
Potassium also diffuses passively out of the cell, hence pure parietal secretion is a mixture
of hydrochloric acid and potassium chloride.

Hydrochloric acid is produced by the parietal cells in response to histamine, gastrin
or acetylcholine stimulation. Histamine is released from gastric mast cells in response to
food ingestion, and acts on the H, receptors in the parietal cells, directly causing acid
secretion. Gastrin is released in response to reduced acidity of the gastric contents when
food enters the stomach, and in particular by the presence of peptides. Acetylcholine is
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Figure 5.6 Variation in composition of gastric juice with secretion rate
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Figure 5.7 Mechanism of acid production by the parietal cell

released when stimuli descend the vagus nerve in response to the sight, smell and taste of
food and to the physical effects of chewing and swallowing. It is likely that acetylcholine and
gastrin may operate by activating the mast cells which then release histamine, so that
histamine is the final common pathway by which the parietal cell is activated.

The process of gastric secretion has been divided into three phases: cephalic, gastric
and intestinal, which have different primary mechanisms. The phases of gastric secretion
overlap, and there is an interrelation and some interdependence between the neural and
humoral pathways.

The cephalic phase of gastric secretion occurs in response to stimuli received by the
senses; that is, taste, smell, sight, and sound. This phase is entirely reflex in origin and is
mediated by the vagus nerves. The gastric juice that is secreted in response to vagal
stimulation is rich in enzymes and is highly acidic.

The gastric phase is mediated both by the vagus nerves and by the release of gastrin.
Acid continues to be secreted during the gastric phase in response to distension, and to the
peptides and amino acids liberated from food as protein digestion proceeds. The free amino
acids and peptides liberate gastrin from the antrum into the circulation. When the pH of the
antral contents falls below 2.5, a feedback mechanism inhibits the release of gastrin, thus
the system is self-limiting. The gastric phase continues until the food leaves the stomach.

During the intestinal phase the chyme in the small intestine continues to elicit acid
secretion for many hours, although the amount of acid released diminishes progressively
during the digestion and absorption processes in the small intestine. Some of the actions of
the intestinal phase are due to gastrin released from the duodenum, but there is evidence that
another hormone-like substance not yet characterised may be responsible. Finally, as certain
amino acids and small peptides are infused into the circulation during this phase, they also
promote gastric acid secretion. It is possible, therefore, that the absorption of the products
of protein digestion also may have a role in the intestinal phase.
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Once food reaches the small intestine, it stimulates the pancreas to release fluid
containing a high concentration of bicarbonate. This neutralizes the highly acidic gastric
juice, which would otherwise destroy the intestinal epithelium, resulting in a duodenal ulcer.
Other secretions from the pancreas, gallbladder, liver, and glands in the intestinal wall add
to the total volume of chyme.

Pepsin

Pepsinogen is converted to the active enzyme, pepsin, by hydrolysis of the precursor by
hydrochloric acid. The hydrochloric acid present in the stomach provides the correct pH for
the pepsins to act, i.e. between 1.8 and 3.5; above pH 5 they are denatured. Human pepsins
are endopeptidases which hydrolyse several peptide bonds within the interior of ingested
protein molecules to form polypeptides, but little free amino acid. The susceptible bonds
involve the aromatic amino acids tyrosine or phenylalanine. The polypeptides produced
have N-terminal amino acids with lipophilic side chains which facilitate absorption.

Other enzymes

Some other enzymes, including gastric lipase and gastric amylase and gelatinase can be
found in gastric juice. Gastric lipase is highly specific tributyrase acting solely on butterfat
which is largely tributyrin. It is not capable of digesting medium- and long-chain fatty acids,
but since there is only a small proportion of short-chain fatty acids in food, little fat
digestion proceeds in the stomach. Gastric amylase plays a minor role in the digestion of
starches and the enzyme gelatinase helps liquefy some of the proteoglycans in meats.

Intrinsic factor of Castle

Parietal cells also secrete a glycoprotein known as intrinsic factor of Castle (m. w. 1350
Dalton) which is required for the absorption of vitamin B ,. It is continuously secreted, even
in the absence of any gastric secretory stimulus in man. Its basal secretion greatly exceeds
the minimum amount required for normal vitamin B, absorption.

Prostaglandins

Prostaglandins are hormone-like substances which are derived from dietary lipids. They are
present in virtually all animal tissues and body fluids, and are involved in the contraction
and dilatation of blood vessels, the aggregation of platelets (clotting), and the contraction
and relaxation of the smooth muscle of the gastrointestinal tract. Prostaglandins also inhibit
the secretion of hydrochloric acid by the stomach in response to food, histamine, and
gastrin. They also protect the mucosa from damage by various chemical agents. This
protection is not related to their ability to influence acid secretion. Prostaglandins increase
the secretion of mucus and bicarbonate from the mucosa, and they stimulate the migration
of cells to the surface for repair and replacement of the mucosal lining.

Digestion and absorption

Salivary amylase acts on food starch while the acidity of the mixture is low, around pH 6,
but ceases when the acidity of the mixture increases with greater acid secretion. Gastric
pepsins account for only about 10 to 15 percent of the digestion of protein and are most
active in the first hour of digestion. The stomach is primarily a processing organ and not
an absorptive one and is not essential to life. It is possible, for example, after total
gastrectomy (the complete removal of the stomach) for a person to remain, or to become,
obese because most of the digestion and absorption of food takes place in the intestine. The
stomach can absorb some substances, including glucose and other simple sugars, amino
acids, and some fat-soluble substances. A number of alcohols, including ethanol, are readily



The stomach 83

absorbed from the stomach. The pH of the gastric contents controls the absorption of
certain ionizable materials such as aspirin, which is readily absorbed in its unionized form
when the stomach is acidic, but more slowly when the gastric contents are neutral. The
absorption of water and alcohol can be slowed if the stomach contains food, especially fat,
probably because gastric emptying is delayed and most water in any situation is absorbed
from the jejunum.

Water moves freely from the gastric contents across the gastric mucosa into the blood.
The net absorption of water from the stomach is small, however, because water moves just
as easily from the blood across the gastric mucosa to the lumen of the stomach. In tracer
experiments using deuterium oxide, about 60 percent of the (isotopic) water placed in the
stomach is absorbed into the blood in 30 minutes.

GASTRIC pH

Gastric pH is primarily influenced by two factors; acid secretion and gastric content. In a
24 hour period, the median daytime pH for eight subjects was 2.7 (range 1.8 to 4.5) in the
body and 1.9 (range 1.6 to 2.6) in the antrum of the stomach!. Food buffers and neutralizes
gastric acid, producing an increase in pH. The pH is not uniform in the stomach, due to the
differences in the distribution of parietal cells, and the different patterns of motility in
various regions of the stomach. These effects are illustrated by the experiment shown in
Figure 5.8, in which pH electrodes were placed 5 cm, 10 cm and 15 cm below the
gastrooesophageal junction prior to administering a test meal. Initially all electrodes showed
a low basal pH. The meal raised the pH in the fundus to approximately 4.5, but this rapidly
began to decline, returning to baseline after 2.5 h. The pH in the body of the stomach was
slower to respond, again increasing to about 4.5, 15 minutes later than the fundus. This
region returned to basal pH 3.5 h after meal ingestion. The magnitude of the change in pH
in the antrum was much smaller, indicating that in this region the food is acidic for the
majority of the time. In the body of the stomach, the large concentration of parietal cells
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Figure 5.8 Gastric pH after a meal. Electrode positions are G1=5 cm, G2=10 cm and
G3=15 cm below the gastro-oesophageal sphincter
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causes rapid acid production, but mixing in this region is poor, so that the extended
buffering effect of the food is observed. As the food moves into the antrum, the vigorous
mixing not only reduces particle size of the food, but mixes it with the gastric acid which
was produced higher in the stomach. The pH in the antrum remains low, despite the fact
that there are no parietal cells in this region, since much of the food has been neutralized
while stored in the body of the stomach (note: the small peak seen after 30 minutes was due
to the administration of 50 ml of water for a separate phase of the experiment, and should
be ignored).

Acid secretion is increased after hot or cold meals even though temperature of the
meal per se does not alter gastric emptying. It takes significantly longer for cold meals to
be brought to body temperature than hot meals?. Content of the meal also affects gastric
pH; for example, a pure carbohydrate meal given as a pancake has no detectable effect on
acidity’, while a protein meal of similar calorific value has a significant buffering effect*. A
liquid meal, rather than a mixed phase meal, with a balance of carbohydrate and protein
has a strong buffering effect but the pH rapidly returns to basal levels as the liquid is
emptied. The situation is complicated by feedback effects; for example pepsin normally
hydrolyses proteins to peptides and amino acids, which are potent secretagogues, and
increase the acidification of gastric contents. However pepsin is inactivated above pH 3, so
a large meal which raises the pH above this value will prevent the production of these
substances, and peak gastric acid secretion will be reduced.

Circadian rhythm of acidity

A circadian rhythm of basal gastric acidity is known to occur with acid output being highest
in the evening and lowest in the morning (Figure 5.9). The daytime patterns of gastric pH
vary greatly between individuals, in part due to the differences in the composition of meals
and the variable responses of acid secretion and gastric emptying. However, nocturnal
patterns of gastric acidity are very similar with very low pHs between midnight and early
morning®. The later in the day the evening meal is taken, the later the nocturnal peak of
acidity occurs®; it is therefore important to standardise the time for the evening meal when
comparing the nocturnal effects of anti-secretory drugs.
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Figure 5.9 Circadian variation in gastric acidity
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Night-time transient increases in pH can be detected by electrodes placed in the
antrum and body of the stomach. They have been interpreted as evidence of duodeno-gastric
reflux flowing from the antrum into the body” since the increase often occurs in the fundus
before that in the body. The same phenomenon may explain the observation that if a group
of subjects are kept awake at night, the pH of the gastric juice is observed to rise compared
to sleeping levels, which may be due to increased duodeno-gastric reflux in subjects who are
denied sleep.

pH and gender

Healthy women secrete significantly less basal and pentagastrin-stimulated acid than men
with a median 24 h integrated acidity of 485 mmol.h"! versus 842 mmol.h™'. In a sample of
365 healthy subjects, the average basal pH was 2.16+0.09 for men and 2.79+ 0.18 in
women®,

pH and age

It has always been assumed that gastric acid secretion decreases with age, however this has
shown not to be true. A group of healthy subjects with a mean age of 51 years (range 44—
71 years) had a higher basal acid production than a group with a mean age of 33 years
(range 23-42 years)®. The age related increase in secretion was greater in men than women
and was not correlated with height, weight, body surface area or fat-free body mass, or by
the increased incidence of Helicobacter pylori infection.

Occasionally, babies are intubated for the purposes of investigating oesophageal
reflux, but results are sparse in older children. In twelve healthy children aged 8-14 years,
the mean fasting gastric pH was 1.5 and the duodenal pH was 6.4. The pH gradually rises
down the small intestine reaching a peak value of 7.4 in the distal ileum'. The pH dropped
to 5.9 in the caecum but increased to 6.5 in the rectum. In 11 healthy adults, the median
pH was 7.0 in duodenum, dropped to pH 6.3 in the proximal part, but rose to 7.3 in the
distal part of the small intestine!'. These values are quite similar and allay fears that, for
example, sustained-release or enteric coated dose forms evaluated in adults may not work
correctly in children.

pH and smoking

Daytime intragastric acidity is higher in smokers (median pH 1.56) compared to non-
smokers (median pH 1.70); however, there is no significant difference in 24 hour or night
time pH'"2.

GASTRIC MOTILITY

The fasted state

The stomach will revert to the fasted pattern of motility in the absence of digestible food,
or when it is empty (Figure 5.10). After a meal, the digestible food will have been
processed to chyme and passed to the small intestine leaving a residue of mucus and
undigested solids. These remain in the stomach until the small intestine has finished
absorbing nutrients from the chyme i.e. approximately 2 h after the last of the digestible
food has left the stomach. At this point the digestive phase of activity ceases and is
replaced by the interdigestive phase, which is also the normal resting condition of the
stomach and small intestine. All gastric residues which the stomach has failed to process
to chyme are removed in this phase, the migrating myoelectric complex (MMC) or so-
called ‘housekeeper contractions’. The MMC removes debris from the stomach by strong
contractions against an open pylorus.
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Figure 5.10 The migrating myoelectric complex

Starting from a state in which the stomach and small intestine show no motor activity
(Phase I), the activity front begins simultaneously in the antrum and duodenum producing
a series of mixing contractions which build up over a period of 60-90 minutes (Phase II).
These end in a series of powerful circular peristaltic waves which sweep from the site of
origin down the entire small bowel to the caecum emptying all the large solid particles from
the stomach and small intestine (Phase III). The waves then subside to the resting phase. The
whole cycle repeats every two hours until a meal is eaten, when they are immediately
interrupted to initiate the digestive phase of motility. The peristaltic waves can also be halted
by an intravenous infusion of a hormone, motilin.

Gastric emptying of the basal gastric secretion occurs even during fasting to prevent
accumulation of fluid, as there is very little net absorption by the gastric mucosa.

The fed state

The adult capacity of the stomach is about 1500 ml. The average (western) daily intake of
food and drink is 3 to 4 kg, and it is estimated that another 5 litres of fluids such as saliva,
gastric juice, pancreatic juice and other body liquids are added to this. The greatest secretory
activity occurs in the stomach within the first hour of eating and the volume of gastric juices
produced may be up to twice that of the meal.

The uppermost third of the stomach, or fundus, adapts to the varying volume of
ingested food by relaxing its muscular wall, holding the food while it undergoes the first
stages of digestion. The adaptive process allows it to accommodate the ingested food
without increasing intragastric pressure.

The stomach not only elicits a fed pattern of motility in response to the presence of
food with calorific value, but it will also respond to the presence of a large quantity of small
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particle size indigestible material, suggesting that gastric distention is also a contributory
factor®. Indigestible material of small diameter (1-3 mm) will elicit the fed pattern of motor
activity in dogs, and the duration of postprandial antroduodenal motility patterns can be
influenced solely by the size of a meal which comprises only of indigestible material.

The mixing, grinding and emptying of food all occur together. The dispersion of food
is more a mechanical process than an enzymatic one. Mixing and grinding are carried out
by a series of peristaltic waves which originate in mid-body as a shallow indentation and
gradually deepen as they progress toward the duodenum. The velocity of the wave increases
until the final 3 to 4 cm of the antrum are reached, at which stage the antrum and pylorus
appear to contract simultaneously. This is often called antral systole. Liquids and solids
within the distal antrum are compressed as the antral wave deepens. The wave does not
occlude the lumen and hence liquid and suspended particles are retropelled through the
wave, but larger and denser solids are trapped ahead of the constriction. Once the pylorus
has closed, the antral systole grinds and then retropels the solids into the proximal antrum
(Figure 5.11). The grinding action, combined with the shear forces produced during
retropulsion, reduce the particle size and mixes the particles with gastric juice. The motion
and acid-pepsin digestion accounts for the physical breakdown of solid food in this region.
The rate of emptying from the human stomach decreases if the ingested solid food is
composed of larger masses. Solids are only emptied after they are ground to particles smaller
than approximately 1 mm, and the larger, harder particles will take longer to reach this size.

Tonic or sustained motor activity decreases the size of the lumen of the stomach, as
all parts of the gastric wall seem to contract simultaneously. It is this type of activity that
accounts for the stomach’s ability to accommodate itself to varying volumes of gastric
content. Mixing contractions and peristaltic contractions are superimposed upon the tonic
contraction, which is independent of the other contractions. Both the mixing and the
peristaltic contractions occur at a constant rate of three per minute when recorded from the
gastric antrum. This rate is now recognised as the basic rhythm, although some drugs are
capable of abolishing both types of contractions or of stimulating the strength of
contractions. The distension of the body of the stomach by food activates a neural reflex
that initiates the activity of the muscle of the antrum.

About twice per minute between 1 and 5 ml of antral contents escape into the
duodenum, and decrease the duodenal pH. Emptying from the pylorus occurs in discrete
episodes of 2 to 5 seconds only, and the majority of these occur as the terminal antrum,

Duodenum Stomach

Canal Antral

- Contents
Peristaltic Wave

Figure 5.11 Grinding and mixing action of the antral mill Note retropulsion of large
particles i.e. sieving
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pylorus and duodenum relax at the start and end of each peristaltic cycle'*. Transpyloric
flow ceases approximately 2 seconds before the antral systole occurs'* . It was assumed
that the particle size cut-off was produced by the narrow pyloric diameter, but neither
pyloroplasty nor pylorectomy alters the size distribution of food passed into the
duodenum'® and the antrum alone can selectively retain solids in the absence of the pylorus.
The pylorus appears to be wide open, having an aperture larger than 5 mm, for
approximately 15 to 20% of the time'”. The length of time for which the pylorus is wide
open does not completely determine the emptying rate of liquids because the duodenum also
seems to apply a braking mechanism. The periodic opening of the pylorus during the fed
phase of motility can explain how some large particles, including intact large fragments of
tablets, can be emptied during this cycle.

Solids and liquids do not empty from the stomach together as a homogeneous mass.
Liquids empty according to the pressure gradient between the stomach and duodenum, with
isotonic liquid meals emptying more rapidly than hypotonic or hypertonic mixtures. The
liquid component of a meal empties exponentially, but the emptying of solids is linear after
a variable lag time (Figure 5.12). The lag phase is dependent upon the size of the food
particles in the stomach. Larger particles require a longer period of digestion to break them
down into a size suitable to exit through the pylorus. Small indigestible solids of between
1 to 5 mm in diameter are progressively emptied during the whole postprandial period even
before liquid emptying is completed. Certain liquids and solids can be clearly seen as two
separate layers on magnetic resonance images (Figure 5.13). Interestingly, during episodes
of heartburn or gastro-oesophageal reflux, food and acid are refluxed into the oesophagus
independently of each other!®. It is likely that this occurs because the food forms a central
core in the body of the stomach. As gastric acid is secreted around the outside of the food
mass, it is only mixed effectively with the food in the antrum. Refluxed material originates
largely from the upper part of the stomach where mixing is irregular.

Receptors in the duodenal bulb detect the calorific value and hydrogen ion
concentration of the chyme causing relaxation of the lower part of the duodenum, and
allowing gastric emptying to start. During a duodenal contraction, the pressure in the
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Figure 5.12 Gastric emptying of liquid (O) and solid (®) components of a meal
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Figure 5.13 MRI cross section through the body. The large organ at the top is the
stomach, which clearly shows the liquid layer (white) floating on the solid (grey) matter

duodenal bulb rises above than that in the antrum, and the pylorus prevents reflux by
closing. The vagus nerve has an important role in the control of emptying, but studies on
paraplegia caused by injury to the spinal cord indicate that the sympathetic division of the
autonomic nervous system is also involved.

Effect of meal size and composition on gastric emptying

The empty stomach has a volume of approximately 50 ml which increases to over 1 litre
when full. The stomach empties the three different components of the meal, liquid,
digestible solid and indigestible solid, at different rates. For example, in a study of the
emtying of a mixed meal consisting of soft drink, scrambled egg and radioopaque markers,
the separate components had T ’s (the time or half the component to be emptied) of 30+7
minutes, 154+11 minutes and 3 to 4 hours respectively'.

In general, the larger the amount of food ingested, the longer the period of fed activity;
large meals tend to empty more slowly in the first hour and then more quickly compared
to a small meal. Gastric emptying rates correlate with the nutritive density of the meal;
foodstuffs slow gastric emptying equally when their concentration is expressed as
kilocalories per milliliter. It is now believed that two types of receptors exist which control
the rate at which the energy density is delivered to the duodenum. Two sets of duodenal
receptors are involved, one stimulated by the osmotic properties of the digestion products
of carbohydrate and protein, and one by the digestion products of fat. Energy is not actually
sensed, but the two sets of receptors behave in tandem to control the delivery of the chyme
to the duodenum by energy density.

The emptying of amino acids appears to be solely dependent upon their osmolarity,
except for L-tryptophan which delays gastric emptying in concentrations which can be
obtained from normal protein digestion®. Fatty acids, monoglycerides and diglycerides all
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delay gastric emptying, but the greatest delay is produced by fatty acids of chain lengths of
10-14 carbon atoms?!. The slowing of gastric emptying produced by triglycerides depends
upon their rate of hydrolysis to long-chain fatty acids.

Manometric and scintigraphic studies indicate that bland liquids such as water and
saline empty from the stomach in gushes associated with co-ordinated contractions of the
antrum and duodenum??. For example, during the emptying of 600 ml of a bland liquid, 1-
3% passed into the duodenum very quickly, followed by a lag phase of 4-6 minutes, with
the overall emptying having a T of only 15 minutes?.

Food was believed to form layers in the body of the stomach in the order in which
it was swallowed, since for the first hour after ingestion of a meal peristalsis is weak,
allowing the food to remain relatively undisturbed?*, with the food ingested first being
closest to the stomach wall. This data was generated from a study in which rats were fed
successive portions of bread, each coloured with a different dye. The animals were killed,
the stomachs removed, frozen and sectioned. The portions were found to be separate?. This
is a simplified case which bears little resemblance to a typical human meal, which consists
of a mixture of components of varying density. The human stomach is of course much larger
than the rat stomach, so that the effects of sedimentation and stratification are likely to be
very different. Pellets with a density of 1.2 g cm?® sink through food to the base of the greater
curvature and are emptied after the majority of food (Figure 5.14). Increasing the viscosity
of the gastric contents increases the rate at which dense spheres will empty from the
stomach?®. This suggests that the high viscosity of the medium prevents the spheres from
settling into the base of the greater curvature, away from the mixing, grinding and emptying
function of the antrum. Materials which have been demonstrated to float in vivo can be
refloated from the antrum of the stomach to the fundus by the subsequent intake of food?”
thus casting doubt on the theory of stratification.

The effects of fats and oils on gastric emptying

Although it is widely recognised that the fat content of food is the most important factor
controlling gastric emptying, the majority of studies over the past 15 years have been carried
out in animals such as rats, mice and dogs. The fundamental difference between these

Light objects float
on gastric contents

Heavy objects fall to base
of greater curvature

Figure 5.14 The effect of density on gastric distribution
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species and man is posture, and since certain types of fat will layer in the stomach, their
presentation to the pylorus and duodenum naturally will be different in relation to other
components of the meal. This is due to the effect of gravity. This effect can be demonstrated
in man since olive oil empties more slowly than an aqueous component of a meal when
subjects are seated whereas, in the decubitus position (lying), it empties faster?® 2°,

The delayed emptying of fat is not just due to the fact that it floats on the meal, and
hence emptyies last when subjects are upright, but the presence of fat in the intestine causes
the fundus to relax. This lowers the intragastric pressure, increasing the reservoir function
of the stomach. It also inhibits antral contractile activity, increases pyloric contraction and
narrows the pyloric lumen?®. This has the effect of significantly increasing the lag phase of
the meal after an initial amount has entered the small intestine?’. The movement of food
from the proximal to the distal stomach still occurs; however, it is followed by a retrograde
movement of food back to the proximal stomach, and this may also contribute to the
increased lag phase. This redistribution of food in the stomach is also seen after
intraduodenal infusion of lipid*®. Interestingly, the emptying of the oil follows a linear
pattern rather than the expected monoexponential emptying typical of liquids.

Dietary fat is ingested in three forms: 1) in solid food, 2) as aqueous emulsions, and
3) as unemulsified, liquid oil. To complicate matters, the gastric residence of a meal with
identical composition will be prolonged if the fat content is used to fry the food rather than
ingested as the cold oil’!. Ingestion of a high fat meal increases satiety and a feeling of
epigastric fullness for a longer period than an energy-matched low fat meal. It will influence
the amount of food taken at the next meal even though the amount of food remaining in
the stomach from the first meal is approximately the same?2. The addition of fat to a meal
will also prolong the time for which the meal elevates gastric pH3.

The behaviour of oils within the stomach is also affected by the other constituents of
the meal. When 60 ml of *"T¢ labelled oil was given to subjects with 290 ml of '>"In-
labelled soup, gastric emptying of the oil was significantly slower than the soup (time to
50% emptying 139 versus 48 min)3**. Oil was retained in the proximal stomach and
retrograde movement of oil from distal into proximal stomach was noted. The second arm
of this study investigated the relative gastric residence time of '"*"In-labelled minced beef,
#mT c-labelled oil and non-labelled soup. In this case, there was no difference in emptying
of oil and beef from the stomach, but again more oil was retained in the proximal stomach
whereas more beef was retained in the distal stomach. In another study® the effect of adding
60 g of margarine into either the soup or mashed potato component of a meal was
investigated. The addition of margarine to either component significantly delayed the gastric
emptying of the mashed potato, but the pattern of emptying of the potato varied depending
which component was fat-enriched. Incorporation of fat into the soup increased the lag
phase but did not influence the slope of emptying of the mashed potato, while incorporation
of fat into the mashed potato reduced the slope of emptying of the mashed potato but did
not influence its lag phase.

When ingested as part of a mixed meal, water invariably leaves the stomach faster
than fat®. Solid fat, extracellular fat, and intracellular fat phases of a meal empty together,
in parallel, after an initial lag?®. The way in which fat is emptied from the stomach is species
dependent. In humans, significantly less extracellular fat than intracellular fat empties from
the stomach on or in solid food particles (22% versus 51%). In dogs, 81% of the
extracellular fat empties as an oil, 13% empties on the solid particles, and only 6% empties
as a stable, aqueous emulsion. Sixty-six percent of the intracellular fat emptied in the solid
food particles, 20% as a stable, aqueous emulsion, and 14% as an oil. The conclusion from
this study was that the majority of the intracellular fat empties within the solid food phase,
whereas most of the extracellular fat empties as an oil phase?.
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Dietary fats leave the stomach faster, but are absorbed less efficiently, after
homogenised meals, compared to being given as a mixed phase meal’’. Co-ingestion of fat
with carbohydrate results in a significant flattening of the postprandial glucose curves, the
effect being more pronounced for carbohydrates such as mashed potatoes which are more
rapidly absorbed than carbohydrates such as lentils’.

In humans, duodenogastric reflux occurs both after meals and under fasting
conditions. The reflux rate is on the average 13 times smaller than the emptying rate, but
is higher with a lipid than with a protein meal, and is independent of the rate of gastric
emptying. The concentration and total amount of duodenal contents refluxed back to the
stomach were higher after lipid than after protein meals. The increased gastric concentration
and accumulation of duodenal contents after lipid meals is due to slowed gastric clearing
and increased reflux of duodenal contents. Under fasting conditions, the reflux rate was
lower and the gastric concentration of duodenal contents was higher than after either type
of meal®.

The distribution of the fat within the stomach can be changed with disease. Patients
with non-ulcer dyspepsia demonstrate an abnormal intragastric distribution of dietary fat.
In control subjects, approximately three-quarters of the fatty test meal was located in the
proximal stomach during the lag period and during emptying. In the group of patients with
non-ulcer dyspepsia, significantly less of the fatty test meal was found in the proximal
stomach during emptying, and the time taken for half the meal to empty was significantly
delayed*.

It is often believed that a high fat meal produces nausea in conjunction with motion.
However, the nausea produced does not appear to be related to the fat being present in the
stomach, but rather the small intestine*!. Nausea is at its greatest when motion of the body
occurs when half of a fatty meal has emptied into the small intestine, but is interesting that
gastric residence of the fat is not correlated with the symptoms.

There is a positive correlation between lipid intake and reflux in morbidly obese
people*2. This is likely to be due to a combination of an increase in gastric residence of the
meal due to the high calorific density of the fat, and a decrease in lower oesophageal
sphincter pressure produced by fatty meals. Interestingly, intravenous lipid emulsions do not
affect lower oesophageal sphincter pressure or increase pathological reflux episodes®.

Physiological factors which influence gastric emptying

Gastric emptying follows a circadian rhythm, with slower emptying occurring in the
afternoon compared to the morning (Figure 5.15)*. This effect can be very marked; in the
study illustrated there was over a 50% decrease in emptying rate in the solid phase of the
meal when it was eaten in the evening compared to the morning.

In women, pregnancy and the menstrual cycle can drastically alter the transit of
materials in various regions of the gastrointestinal tract. Often pregnant women suffer from
heartburn and constipation which is attributed to decreased oesophageal pressure and
impaired colonic motility. During the normal menstrual cycle mouth to caecum transit is
significantly longer in the luteal phase than in the follicular phase®.

There are conflicting reports as to the effect of obesity on gastrointestinal transit.
Some studies show no effect, whilst others report delayed emptying of solids particularly in
men, a phenomenon which is not reversed after significant weight loss* 7. Other studies
show an inverse association between body mass index and mean gastric emptying time of
test meals such as radiolabelled cellulose fibre. Body mass index had no influence on other
transit variables*s.

Heavy exercise was found to increase the gastric emptying rate of digestible solids in
healthy men®.
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Figure 5.15 The effect of time of day on the rate of gastric emptying

Effect of disease on gastric emptying

Diseases which affect gastric motility and emptying are predominantly diseases of the
gastrointestinal tract itself, disorders involving smooth muscle and extraintestinal diseases.
Some diseases only affect one of the phases of gastric emptying. Generally duodenal ulcer
produces accelerated emptying, while gastric ulcer reduces antral motility, producing
normal emptying of liquids but delayed emptying of solids*’. Emptying of a solid meal is
slowed in patients with pernicious anaemia’®' and atrophic gastritis®?, but in achlorhydric
patients liquids empty rapidly®.

Gastro-oesophageal reflux is a common disease affecting between 10 and 20% of the
general population™, although the true magnitude of the condition is not known since a
large proportion of sufferers self-medicate’. It is therefore likely that within a given patient
group a significant proportion will be suffering from this disease to some extent. The effect
of this disease on gastric emptying is unclear since some studies report no effect on the
emptying of liquids*® or mixed meals’’, whilst others demonstrate a delay*®. It is possible
that the emptying of solids in a mixed meal is selectively delayed®! suggesting impaired antral
motility. This would lead to a greater difference in emptying between liquids, pellets and
tablets than in normal subjects.

Migraine is frequently associated with nausea (95%) and vomiting (20%) and there
is some evidence that gastric emptying is delayed during migraine attacks.

The eating disorders bulimia nervosa and anorexia nervosa are believed to affect
between 5 and 10% of adolescent females and young women in the western world. Bulimia
does not affect gastric emptying, but anorexia produces both delayed solid and liquid
emptying®?.

DISPERSION OF DOSAGE FORMS IN THE STOMACH

The most commonly used type of dosage form is the conventional compressed tablet.
Despite the use of scintigraphy to evaluate more sophisticated dose forms®?, there has been
surprisingly little study of the behaviour of ordinary tablets. Most workers assume that
tablets will disintegrate rapidly iz vivo due to the use of superdisintegrants and the evidence
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of in vitro dissolution tests; however this is often not the case. Endoscopy has demonstrated
that when multiple tablets are administered, all lie in the same place in the stomach, at the
base of the greater curvature. This is a particular problem with formulations which cause
gastric irritation or damage, for example non-steroidal anti-inflammatory drugs which can
produce focal erosions due to repeated insult to a small area of the mucosa. Iatrogenically-
produced ulcers can often be differentiated from those of natural origin, since drug-induced
erosions usually occur at the base of the greater curvature, whereas peptic ulcers form on
the lesser curvature. Multiple unit dose forms can also cause mucosal damage; for example
microencapsulated potassium chloride showed similar gastric mucosal irritation to single
units. This was attributed to poor dispersion of the potassium chloride, with clumps of the
drug held together with gastric mucus®.

Hard gelatin capsules

Hard gelatin capsules have found a variety of applications in drug formulation. The capsule
can be used as a container for powdered drug, multiparticulate systems, a liquid-fill matrix
or oily vehicle. The nature of the interior of the fill of the capsule is known to affect the rate
of disintegration within the stomach. A hydrophobic interior reduces the rate of
disintegration of the capsule compared to that of a water soluble material, and in addition
it reduces the dispersion of the released material. When capsules contain components which
are insoluble in gastric juice, then their disintegration time is of the order of 30 minutes in
fasted volunteers and 100 minutes in fed volunteers®. Changing the fill to a water soluble
material decreases the break-up time to 6 minutes.

The dispersion of the capsule fill is limited in fasted subjects, and the material empties
from the stomach as a bolus®*-%. Dispersion is increased if the capsule is taken with a meal,
particularly if the meal has a high liquid content. This is of importance since patients are
often instructed to take medications with a meal, but it is unclear whether this means before,
during or after food. If capsules are given with 100 ml of water, they will initially float above
the gastric folds. Rapidly the ends of the capsule become sticky and can become attached
to the gastric wall, which may be another explanation for the poor dispersion of the capsule
contents®.

The dispersion of milled resin administered in a hard gelatin capsule in fasted
volunteers was greatly reduced when it was milled from 25 pm to 9 pm®® ¢, It was proposed
that this was due to changes in the hydrophobicity of the surfaces, arising from chemical
and physical variations in the resin through the bulk of the particle. It is equally likely that
milling changes the wettability of the material due to variations in particle surface
roughness.

Soft gelatin capsules

There have been relatively fewer studies of the behaviour of soft gelatin capsules in man.
Pilot studies indicate that the time of disintegration of soft gelatin capsule formulations is
highly variable, particularly if the formulations are given without food. The capsules were
predominantly broken up as they entered the pylorus immediately prior to leaving the
stomach (unpublished data). Armstrong and co-workers®® have compared the dispersion of
oils from soft gelatin capsules in man and rabbits using x-ray techniques and gamma
scintigraphy. Soft gelatin capsules were filled with iodinated cotton seed oil (Lipiodol) for
x-ray studies, or iodine-123 labelled ethyl oleate for gamma camera studies in humans. In
x-ray studies of rabbits, disintegration of the capsule began after 2 to 3 minutes, swelling
into a more isometric shape. This behaviour was observable i1 vitro and was associated with
the breakdown of the capsule at the sealing line. Subsequently it was difficult to assess
whether the shell had dissolved with the oil as one discrete globule, or whether the oil had
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emerged from the shell before it had completely dissolved. When a surfactant (1%
polysorbate 80) was added to the formulation, the mean disintegration time of the soft
gelatin capsule decreased markedly.

GASTRIC EMPTYING OF DOSAGE FORMS

For the majority of cases, oral drug delivery is the cheapest and most convenient method
of dosing. Unfortunately it is difficult to achieve a precise control of the plasma
concentration-time profile, which shows marked intra- and inter-subject variation even
under the rigidly controlled conditions of the clinical trial. In the unrestricted patient this
is exaggerated by poor compliance and anything more complicated than a b.d. schedule is
impractical. Daily patterns such as food intake, activity and posture are large contributors
to inter- and intrasubject variation. The nature of food intake is not only specific to race and
geographic location but unique for each person, and varies on a day-to-day basis. This
factor probably produces the largest physiological variation in the behaviour of oral dose
forms. The rate of gastric emptying, the presence of food or other drugs, the particular
formulation of the drug (size, shape and rate of disintegration), and the vehicle carrying it
all influence the absorption of the drug.

Once the dosage form has reached the stomach, it meets an highly variable
environment in terms of food content and pH. The gastric emptying of tablets, pellets and
liquids is highly dependent on the presence and amount of food in the stomach. Large
tablets can either disintegrate in the stomach and empty with the digestible phase of the
meal, or if they are designed to remain intact will be treated as indigestible material since
they do not possess a significant calorific value. Large non-disintegrating capsules will
empty with phase III of the MMC, and since ingestion is not synchronised to any particular
part of the cycle, the emptying will appear erratic, occurring any time between a few minutes
and 3 hours after administration.

When a large unit is given after a light meal (1500 kJ) the emptying becomes more
predictable at around 2 to 3 hours. The meal serves to put the motility cycle into phase by
initiating the fed pattern until the small calorific load has been passed to the duodenum. The
next MMC then removes the tablet approximately 2 hours after the stomach has been
cleared of the digestible components of the meal. Dosage forms are often administered to
fasting subjects during pharmacokinetic studies in an attempt to reduce variability, but the
effect of erratic emptying can affect the time of appearance of the drug in the plasma.
However if the formulation is given with food to synchronise motility, the absorption of the
drug can be influenced by the food. A possible solution is to give the drug with apple juice,
which is a clear liquid, but has sufficient calories to synchronise gastric motility.

If a large single unit is given with a heavy meal (3600 kJ) and the subject is fed at regular
intervals, the unit can remain in the stomach for longer than 8 hours due to prolonged
suppression of the MMC. The only time at which the stomach can revert to the fasted pattern
of motility is during the night when there is a sufficient interval between dinner and
breakfast”. The length of the retention is proportional to the meal size. Thus when given with
a meal of 650k], the mean residence time of a controlled release ibuprofen formulation was
2.0+0.9 h; when the size of the meal was increased to 3330 k], the mean residence time was
in excess of 9+3 h. In the fasted state, the mean residence time was 1.0 0.4 h7°.

The effect of administering a large non-disintegrating tablet (11x6 mm, density 1.4 g
ml ') with several different feeding regimens is shown in Figure 5.167". It can clearly be seen
that the continual intake of small meals throughout the day, such as is common in the
Western world, can delay the emptying of the tablets for more than 10 hours. Increasing the
calorific value of a liquid meal by nearly 4-fold did not produce a proportionate increase
in gastric residence time, but a mixed meal with similar calorific value to the liquid meal
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Figure 5.16 Gastric residence time of a large non-disintegrating unit (11x6 mm, density
1.4 g ml') with different feeding regimens.

nearly doubled the residence time of the tablet. The ingestion of snacks increased the gastric
residence time of the tablet by about 1.5 hours, but as the original meal size increased the
difference became less significant due to the greater variation in emptying.

The effect of meal size on the gastric emptying times of single units is extremely
important, especially for enteric coated preparations since this is the main factor influencing
the onset of drug release from enteric coated tablets”. The definition of a “large” tablet is
still not known for humans. Tablets of between 3 and 7 mm empty similarly from the
stomach after light, medium and heavy meals, and it is the calorific value of the meal and
not the size which influences the emptying significantly”.

The gastric emptying rates of multiparticulate dosage forms are not as severely
affected by the presence or absence of food as are large single units. The gastric emptying
of encapsulated pellets from the fasted stomach depends upon the nature of the capsule, the
speed at which it disintegrates and the degree of dispersion of the pellets in the low volume
of gastric contents available™. It has been proposed that dispersion of the capsule contents
occurs into the mucus, followed by clearance at the normal mucus turnover rate, so that the
emptying of pellets from the fasted stomach was a random event with the pellets emptying
as a series of boluses. When pellets are administered with a meal, they tend to empty in a
similar fashion to the digestible component of the meal (Figure 5.17).

The discrimination of the emptying of dosage forms produced by the presence of food
can clearly be seen in a study in which a large non-disintegrating single unit (an osmotic
pump device) and a pellet formulation were administered together (Figure 5.18). When
administered with the light breakfast, in the majority of subjects, the single unit had emptied
by 2 hours amidst the pellets; however the heavy breakfast greatly delayed the gastric
emptying of the single unit to more than 9 hours. The emptying of the pellets was also
prolonged by the heavier meal, but not to the same extent as the single unit”.
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Figure 5.17 The gastric emptying of multiparticulates in a hard gelatin capsule taken
either “with a meal or dispersed within a meal

Time of dosing relative to a meal

Often patients are instructed to take their medication “with a meal”, but instructions are
never precise and this can be interpreted by the patient as taking the medication immediately
before, midway through or just after the food. After dosing with a capsule containing pellets
during or 10 minutes after a meal, pellets tend to remain in the upper half of the stomach.
In these cases, the gastric emptying pattern is approximately linear with time. If the capsule
is taken 10 minutes prior to a meal, the pellets empty faster following an exponential pattern
(Figure 5.19)76.
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Figure 5.18 The effect of meal size on the emptying of single units (Osmets®) and multip
articulates. Note that at 12 b four of the large units were still in the stomach, however,
the released drug had emptied from the stomach
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Anti-reflux agents provide an example of how certain medications, particularly those
which float on the gastric contents, are affected by time of dosing relative to a meal.
Ingestion of an anti-reflux agent prior to meal causes it to empty before the food, and in
addition it does not form the floating raft which is required for its action’””. However, the
anti-reflux agent does float when administered 30 minutes after a meal and hence its
emptying is delayed with respect to the food. The gastric residence of floating formulations
can be prolonged by frequent intake of meals?” since ingestion of subsequent meals will
delay the emptying of both the original meal and the formulation”.

Retention of formulations in the stomach

There are several advantages in the use of formulations which remain in the stomach. For
example, improvement in local delivery of drug to treat infections such as Helicobacter
pylori, or prolonging the exposure of the upper small intestine to high concentrations of
drug. This also may be advantageous for drugs which are acid soluble. Gastroretentive
dosage forms will significantly extend the period of time over which drugs may be released,
and thus prolong dosing intervals and increase patient compliance.

Many systems have been reported in the literature and the majority rely on floatation
mechanisms to produce gastric retention. The prolonged gastric emptying of these
formulations relies entirely on the presence of food in the stomach and they are generally
emptied either at the end of the digestive phase, or with the MMC if they are large.

A hydrodynamically balanced system (HBS) was the first low-density formulation to
be described. It is simply a capsule containing a mixture of drug, gel-forming hydrophilic
polymer and excipients such as hydrophobic fatty materials. Upon contact with gastric fluid
the capsule shell dissolves and the drug-hydrocolloid mixture absorbs water and swells to
form a soft-gelatinous barrier. As the outer layer is eroded, a new layer is continually formed
and the drug is released by diffusion through the hydrated layer”. To improve buoyancy and
drug release the formulation was modified by the addition of a second layer of HPMC.
Flotation of the HBS was visualised in volunteers using endoscopy®’.
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Figure 5.19 The effect on emptying of dosing time of a multiparticulate with respect to a
meal



The stomach 99

In order to improve buoyancy, an important strategy has been to incorporate gas
producing agents such as sodium bicarbonate within the formulation. The systems may be
composed of single or multiple layers and the gas-generation agent can be incorporated into
any of the layers. Alternatively, ion-exchange resin can be loaded with bicarbonate and
coated with a semipermeable membrane. Another approach has been to start with a
buoyant core e.g. an empty hard gelatin capsule, polystyrene foam or concave tablet shell®'.

In vivo studies have shown that gastrically retained dose forms can produce up to
25% increase in bioavailability for agents such as riboflavin®, but others report no effect
for drugs such as acetaminophen in fasted or fed states®. Floating formulations can be a
disadvantage for some drugs such as amoxycillin trihydrate, which show a reduction in
bioavailability compared to conventional systems®*.

In contrast to floating systems, high density systems also have been investigated as a
method for retaining dose forms in the stomach. The rationale behind this approach is that
a dense object will fall through food and sit at the bottom of the greater curvature away
from antral mixing. These devices have been used to great effect in animals, particularly
ruminants, and early work in humans appeared promising at first. The studies reported that
increasing the density of a multi-particulate dose form from 1 to 1.6 gcm? significantly
increased the transit time in ileostomy subjects®’. Unfortunately the results were later found
not to be reproducible®®. No differences in transit were found for pellets of 0.94 and 1.96
g cm® ¥ or for single units with densities of 1.03 and 1.61 g cm? #8. A number of subsequent
studies have also failed to find an effect of formulation density until very high densities are
reached e.g. 2.8 g cm™ #. In this case gastric emptying can be significantly prolonged in both
fasted and fed subjects, but small intestinal transit time is unaffected.

Studies conducted in dogs have demonstrated that spheres empty from the fed
stomach as a function of their diameter, their density and the viscosity of the gastric
contents”. The smaller the diameter (between 1 and 5§ mm), the faster the spheres emptied;
however spheres smaller than 1 mm did not empty any faster than 1 mm spheres. Spheres
which were more or less dense than water emptied more slowly than the same size spheres
with unit density. The explanation given for this is that the lighter spheres floated and the
heavier spheres sank and so moved out of the central aqueous stream. Increasing the
viscosity of the gastric contents caused even large dense spheres to empty more quickly,
possibly because it retarded the layering of the spheres to the base of the stomach. This
phenomenon has been observed in human subjects dosed with different density pellets.
Pellets which floated on or sank to the base of the stomach emptied more slowly then pellets
of a similar density to food. When the light and heavy pellets were administered with a small
meal, their emptying was similar to that seen with pellets of a similar density to food when
administered with a large meal (Figure 5.20). This suggests that the light and heavy pellets
are not caught up in the antral flow.

The gastric retention of solid dosage forms may also be achieved by mucoadhesion, in
which case the dosage form will adhere to the mucosal surface of the stomach wall. Once
attached, it will remain there until mucus turnover sloughs it off. The mucoadhesives which
have been tried are polycarbophil and Carbopol®. Studies in animals and humans have
produced rather disappointing results and the main problem appears to be that these polymers
are such good adhesives that they stick to anything they come into contact with. Hence they
will stick to the gelatin released from the capsules in which they were dosed, or to water-
soluble proteins present in the stomach, and also sloughed mucus. This non-specific adhesion
severely reduces the amount of bioadhesive available to stick to the epithelial mucus.

Earlier studies conducted in dogs used slurries of polycarbophil particulates (1-3 mm
in diameter) at doses of 30 and 90 g'3. The meal containing the 90 g polycarbophil slurry
demonstrated a decreased rate of gastric emptying. At autopsy, the particles were shown not
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Figure 5.20 The effect of pellet density and size of a meal on the gastric emptying of
multiparticulates

to have adhered to the mucosa, but to have formed large intragastric boluses. Apparently
that the slow rate of emptying of the polycarbophil was due to the action of the stomach
squeezing the particles together, causing a loss of surface-bound water and forming a large
bolus; occasional retropulsion mixed the bolus with the gastric secretions causing some re-
dispersion of particles. The gastric distension produced by the large indigestible mass elicited
the fed pattern of activity and the fasting peristaltic waves were suppressed.

Another gastroretentive system is the magnetic dose form. This usually contains a
magnet, or a mass of magnetic material such as a ferrite, in its centre and an externally
placed magnet serves to anchor the dose form within the body. Drugs which have been
delivered by this method include cinnarizine, acetominophen and riboflavin, all of which
showed improved bioavailability. The major drawback with this method is that placing the
external magnet to hold the tablet in the stomach is technically quite difficult. To make
magnetic tablets commercially viable a better method for applying the magnetic field needs
to be produced than that currently available.

Dose forms that unfurl or expand in the stomach, becoming too large to exit through
the pylorus, have also been proposed to achieve prolonged gastric residence. Geometric
shapes which have been studied include a continuous solid stick, a ring and a planar
membrane. In fasted beagle dogs retention times of over 24 h were reported®!, but in
humans the time was reduced to 6.5 h in the fed state and 3 h in the fasted state. The main
problems with this type of system is that they have to exit the stomach eventually, and hence
have to be biodegradable as well as having expanding properties. This can pose severe design
restrictions. In addition, like all sustained release devices, the systems would have to have
a high reliability since they would be designed to administer a large dose of drug over an
extended period. Adhesion of dosage form to the oesophagus is common, and the possibility
of a device sticking and expanding in the oesophagus is unpleasant to say the least. Swellable
systems would also have to be able to withstand the 80 to 100 mmHg pressures generated
in the human pylorus?? *2. These combined difficulties have outweighed any potential
advantaged for manufacturers to date.
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Figure 5.21—Gastric retention of a suspension of 20-40 um ion exchange resin (B)
compared to 99mTc-DTPA (A) which is a water soluble marker

One promising method of achieving gastric retention is by the use of micronised ion
exchange resins®. Ionic resins are already in use as drug delivery vehicles®, in which release
from the resin occurs through the replacement of the drug by another ion of the same
charge. Recent studies® have shown that if micronized resins are administered in a small
volume of water, they coat the stomach uniformly, and approximately 20% of the resin is
retained for 5-6 hours and is not dislodged by subsequent meals (Figure 5.21). Anionic
resins such as cholestyramine have been shown to display better mucoadhesive properties
in vitro than cationic polymers®. This was thought to be due to ionic interactions between
the highly charged surface of the polymers and the mucus.

Posture effects

Moving from the upright to the supine position markedly effects the emptying of
formulations and hence the rate and extent of drug absorption. Bland, unbuffered liquids
and pellet formulations empty more slowly from the stomach when the subject is lying down
compared to when upright or sitting erect®” 7. For floating formulations, such as raft-
forming alginates, the buoyant raft empties faster than food in subjects lying on their left
side or their backs, and slower in subjects lying on their right side with the raft positioned
in the greater curvature®®. When the subjects lay on their left side the raft was presented to
the pylorus ahead of the meal and so emptied first. Oily materials float and hence also empty
more slowly than the aqueous phase of the meal when subjects are in the sitting position?®.
Posture also affects the emptying of large non-disintegrating capsules from the fasted
stomach. Capsules are only passed into the duodenum during phase III of the first MMC
initiated when the subjects are lying in the right lateral position®. The gastric residence of
floating and non-floating capsules is similar in supine subjects!®.

Posture can also affect drug absorption. The time to maximum plasma concentration
of coadministered soluble paracetamol, nifedipine, and its metabolite produced at first pass,
was significantly decreased when subjects are standing or lying on their right side compared
to when they lay on their left side'®'. These postures also resulted in a significantly higher
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peak plasma concentration and area under the plasma concentration-time curve of the
nifedipine, but not its metabolite. The increased absorption of these drugs also produced a
significantly higher heart rate. Lying down decreased the rate of gastric emptying when
compared to sitting, and a combination of sitting and standing produced the most rapid
gastric emptying!'®2.

Drug-induced effects on gastric emptying

Drugs contained within the formulations may also alter gastric motility. For example
adrenergic agonists, particularly f3,-agonists such as salbutamol, delay gastric emptying. In
asthmatic subjects an variable quantity of the inhaled drug may be swallowed, and hence
even though the drug is not taken by the oral route, it may still have an effect on the gastric
emptying of other drugs. Tricyclic antidepressants and some anti-Parkinsonian drugs
depress gastrointestinal motility. Dopaminergic antagonists e.g. domperidone, and
cholinergic agonists e.g. bethanechol, enhance gastric motor activity.

GASTRIC pH AND ENTERIC COATINGS

In the past, the pH chosen by most formularies to represent the conditions in the stomach
is 1.0 (100 mM HCI). However, there is some evidence that the basal gastric pH can be
surprisingly high. It has been reported that 35% of humans have a resting gastric pH of 6
or above!®, Less than 2% of the human subjects had a resting pH below 1.5. Basal gastric
pH in normal healthy students is around 1.8, but occasional cases of achlorhydria are seen.
Meals markedly alter the pH, which can increase to 3-5 after eating, particularly if the meal
contains large amounts of easily digested protein.

These variations in pH will be especially important when developing products
designed to be gastro-resistant, e.g. enteric coatings for acid-labile or potentially irritant
drugs. In these cases gamma scintigraphy may be combined with iz vivo pH measurement
to investigate the efficiency and operation of the enteric coating. In a study which
administered both radiolabelled pH radiotelemetry capsules and radiolabelled enteric
coated naproxen tablets to fed subjects”?, it was found that the pH remained below 2 within
the stomach, except for a transient rise after food. Five tablets disintegrated in the small
intestine approximately 1.2 h after gastric emptying, 1 disintegrated in the stomach at pH
1.1 and 1 tablet remained intact in the stomach for 9 h.

DRUG/FORMULATION INDUCED ULCERATION

Acute and/or chronic lesions on the gastric mucosa may result from the ingestion of alcohol,
and some drugs such as anti-inflammatory drugs, reserpine, histamine and caffeine.
Salicylates are often reported to produce dyspepsia and gastric ulcers due to their
widespread use. A single dose of 2 aspirin tablets produced haemorrhaging in the stomach
of normal volunteers within 1 hour of ingestion, continued intake (2 tablets every 6 hours)
resulted in gastric erosions in all subjects and duodenal erosions in 50% of the subjects'®.
Patients who require aspirin on a regular basis should take enteric coated or adequately
buffered preparations.

ANIMAL MODELS FOR GASTRIC EMPTYING

Dogs are widely used to assess the absorption of drugs. However, the drug absorption
profiles differ quite considerably from those in humans, and this is a particular problem
when attempting to obtain useful data for either sparingly water-soluble drugs or sustained
release preparations.
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The anatomy and dimensions of the upper gastrointestinal tract of dogs and humans
are essentially similar. The volume of the stomach is 1-1.6 L in man and about 1 L in dogs.
The length of the duodenum is 25 ¢m in both species and the jejunum is 185-250 cm in dogs
and 300 cm in man. The diameter of the small intestine is 2-2.5 cm in dogs and 3—4 c¢m in
man. The ileum and colon are substantially shorter in dogs than man.

During fasting, intragastric pH in man varies between 1.3-1.8, but the corresponding
pH in the dog is between 0.8 and 8. Kuna'® reported that 77% of 403 dogs had a fasting
pH of 6 or above. Sometimes the resting gastric pH is indistinguishable from the duodenal
pH. The rate of acid secretion is much lower in dogs, being 0.1 mEgh"' compared to 2-5
mEgh! in man.

It is also thought that dogs have a faster total gastrointestinal transit time than man,
and hence bioavailability is generally underestimated. However, in dogs, a normal meal can
induce a fed pattern for approximately 12 to 14 hours, but in humans this usually only lasts
for between 3 to 4 hours. Rigidity is an important factor in the retention of dosage forms.
In dogs, rigid rings with a diameter of 3.6 cm are well retained in the stomach for 24 hours,
whilst pellets and strings demonstrated rapid emptying'®. In dogs pellets tend to empty from
the stomach entrapped in plugs of mucus'®. Dogs have a delayed onset of MMC compared
to man107 108'

Pigs are also not a good model for the gastrointestinal transit of large non-
disintegrating capsules. One study demonstrated a gastric residence time of 5 days for an
enteric coated non-disintegrating magnesium hydroxide caplet (1.5 g ml density, 19.6x9.5
mm, 1.2 g weight)!®. As a result of these differences, studies of oral dose forms in animals
must be interpreted with caution, particularly if the operation of the formulation depends
on its detailed behaviour in the gastrointestinal tract.
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