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Review article
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EVIDENCE FOR AN INFARCTIVE PATHOGENESIS
OF ACUTE AND CHRONIC GASTRODUODENAL ULCERATION

Royal Free Hospital School of Medicine, London, U. K.

It is clear that all mucosal defensive mechanisms acting against aggressive ulcer-
ogenic factors depend on adequate blood flow. When defence is active, ulcers tend to
heal and do so faster when luminal aggression is prevented by reduction of acidity or
eradication of H. pylori. Such successful treatment is so profitable that pharmaceuti-
cal companies invest vast fortunes on research into every aspect of therapy. This
may explain why research on basic aetiology has been slower. Nevertheless there
have been recent advances which increasingly point towards an ischaemic pathogen-
esis of both acute and chronic ulcers. We have been studying those ischaemic
mechanisms that may be triggered by alteration of normal physiological processes,
and we now have a body of evidence supporting an infarction-like mechanism
induced by abnormal motility which might explain the initiation of both acute and
chronic human ulceration. In this article we review the evidence for this and show
that such a pathogenesis is compatible with the features and current concepts of
gastro-duodenal ulceration. Perhaps the most striking feature of chronic ulcers is
their singularity, and localisation to the lesser curvature and first part of the
duodenum. Within the lesser curvature there is an increasing incidence from the
oesophageal end towards pylorus, with maximal incidence in the incisural area (1).
Duodenal ulcers occur on the anterior or posterior walls of the first 4 cm.
uncommonly on the superior “cap” and rarely on the inferior wall. Such localisation
points to a primary cause which, by analogy with other localised necroses eg
coronary or stroke, is usually an infarction of an end-artery system.
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Early Vascular Theories

In the first half of the Century a number of theories attempted to show how
the blood supply to the ulcer area may be compromised. As early as 1853
Virchow (2) suggested that emboli may occlude small gastric arteries, thus
introducing the vascular aspect though without any localising explanation.
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A single deep chronic ulcer is the typical response to pressure, as exemplified

by the bed-sore. Thus Ivy et al (1) reviewed the subject of external pressure, but
they were only able to conclude that a period of fashionable tight lacing of
women’s corsets was associated with a high incidence of gastric ulcer in
women! The study of Doll, Avery-Jones and Buckatsch (3) of occupational
incidence (though revealing the susceptibility of doctors and unskilled
workers), was insufficient to reveal what manoeuvre, e. g. leaning against the
edge of a table, might be responsible.

In 1908 Mayo first described the well known phenomenon known as
“Mayo’s anaemic spot’ (4); whereby traction produced by pulling the stomach
downwards and to the left at operation results in pallor on the anterior wall of
the first inch of the duodenum. This pallor disappears on relaxing the tension.
Wilkie (5) suggested the pallor was due to traction on the supraduodenal
artery, which according to his studies was an end-artery. However, subsequent
studies and observations have gone against this theory. Kirk (6) whilst
confirming the existence of “Mayo’s anaemic spot’ reported that the force of
traction was taken up by connective tissues which became taut leaving the
vessels patent. Wilkie’s statement that the supraduodenal artery was an
end-artery is erroneous, because his drawings show that he had examined only
the sub-serous branches of the artery, and not the branches of the sub-mucous
plexus. Subsequent studies showed a rich anastomosis at the sub-mucous level
(7—12). In any case, if flow in this artery were to cease the most ischaemic
region would be expected at the centre of the area of supply — the top of the
duodenal bulb — but peptic ulcers there are rare.

In the middle of the century a number of post-mortem injection studies of
the stomach in man (7, 11, 13—16) described the established pattern of blood
supply. Vessels approaching in the mesenteries pierce the external muscle, and
divide forming a rich sub-mucous plexus in all regions. Mucosal arteries arise
from the sub-mucous plexus and after piercing the muscularis mucosae they
ramify in the mucosa. Prior to piercing the muscularis they anastomose by
small branches. All these injection studies exhibit one localising factor — in the
lesser curvature and in the first 23 cm of the duodenum, the sub-mucous plexus
is poorer than elsewhere in terms of having fewer and smaller vessels. However,
the efficiency of the sub-mucous collaterals even of those in the lesser curvature,
is demonstrated clinically by the absence of complications following the
operation of ligating the majority of vessels piercing both curvatures (17, 18).

The existence of end-arteries

Our own studies confirm these findings, but bring to light two new features
(19, 20). Firstly, in previous work there was doubt as to whether there 1s any
anastomosis between capillary beds of adjacent mucosal arteries within the



101

mucosa. Careful stereoscopy with micromanipulation of injected vessels
revealed there were no anastomoses. What appeared as anastomoses were in
fact “overlapping’ capillaries. In some cases there was no overlap and then the
clear unfilled intervals between mucosal capillary beds was easily visible.
Secondly, the poverty of vascularity in the lesser curvature found by previous
authors, is localised still further. In the lesser curvature there is a quantitative
decrease in number and calibre of anastomosing vessels from cardiac to pyloric
parts: with a similar decrease in the duodenum from the second part to the
pylorus, i. e. the plexus is least in the pyloric 1/3 of the lesser curvature and in
the first inch of the duodenum.

However the most significant finding was that in these areas of poorest
plexus, there are small areas with no plexus at all. The mucosa underlying these
patches is supplied by mucosal arteries which arise outside the stomach wall,
pierce the external muscle as well as the muscularis mucosae, and each supplies
an area between 2 and 12 mm? surface area of mucosa. They do not connect
up with the submucous plexus nor with other mucosal arteries in the mucosa,
and so appear to be end-arteries. They are found only in the lesser curvature
and first part of the duodenum and we call them “mucosal end-arteries of
extramural origin”. Fig. I shows the distribution of 47 such vessels found in
ten human specimens (19, 20). This distribution corresponds exactly with the
sites of chronic gastric and duodenal ulcers, thus demonstrating an anatomical
basis for their localisation and suggesting that existence of these end-arteries
may be an indispensable feature for initiating chronic ulceration. Since these
stomachs did not have ulcers, a second factor accounting for their occlusion
was clearly not operative in these individuals. It is possible that Barlow et al
(11) did not notice these vessels since some individuals do not possess them,
and when they do there may be only one or two such vessels so they are easily
missed; secondly they were specifically studying arterio-venous anastomoses in
these specimens. (The latter structures initiated much interest since they could
potentially starve the mucosa of blood flow. However in spite of intensive
search for them neither we nor others have been able to confirm their existence
in the stomach either by injection studies or by the passage of variously sized
beads — 19, 21).

In those individuals possessing end-arteries the occlusive mechanism could
be a localised vasospasm or obstruction by prolonged tonic contraction of
muscle layers. This might fit well with the commonly recognised though
scientifically unproven relationship of ulcers with stress (1, 22). The fact that
some individuals do not have such end-arteries explains why some people are
not prone to peptic ulcers in spite of having high acidity or H. Pylori infection,
and this could account for familial occurence, geographical distribution and
time changes in incidence. The size of ulcers could be determined by the fact
that two or more such endarteries are found side by side.
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Fig 1. Upper: Diagrammatic representation in transverse section of the blood supply in the
lesser curvature and adjoining walls in man. Note the single “mucosal
end-artery of extramural origin in the centre which passes through both layers
of muscle, (the centre represents the lesser curvature). On each side, normal
inputs form a sub-mucous plexus, and mucosal arteries pass through one
muscle layer, the muscularis mucosae.

Lower: Diagram to show the distribution of 47 end-arteries of extramural origin in 10
human specimens. Note the resemblance to the distribution of chronic peptic
ulcers. (Reproduced by kind permission of Kluwer Acad. Publishers)

Unfortunately we were unable to find an in vivo animal model of
end-arteries such as those found in man. Whilst post-mortem studies revealed
that guinea-pigs and rabbits occasionally had such vessels we could not detect
them in-vivo for dynamic studies (24).

We therefore turned our attention to ordinary mucosal arteries, which in
post-mortem studies appeared to be end-arteries. In order to see if these are
functional end-arteries we ligated 33 individual gastric mucosal arteries in
guinea pigs. In 25 this resulted in necrosis of the whole thickness of the mucosa
in the area supplied by each vessel. Thus three quarters of mucosal arteries are
end-arteries in this species. Ligation of two or three adjacent mucosal arteries
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resulted in necrosis in 95%, indicating that in the single ligations the remaining
quarter of arteries survived because of an effective functional anastomosis
from neighbouring vessels (25). This confirmed existing suspicions that ordi-
nary mucosal arteries might be functional end-arteries, and suggested that
focal ischaemia could be induced by vasoconstriction of these vessels or by
their compression by the muscularis mucosae through which they or their
branches pass. This mechanism could be invoked to explain the initiation of
multiple-acute ulcers, since the required structural basis for infarction is
present throughout the stomach.

Vulnerability of end-arteries to short periods of obstruction

In order to apply short obstructions to a single mucosal end-artery, it was
necessary to find a way of ascertaining whether a particular vessel was an
end-artery (since about a quarter of them were not end-arteries). We therefore
developed a probe for continuously measuring oxygen delivery to small areas
of mucosa. The instrument is basically a Clark-type oxygen electrode but
modified to consume much oxygen, thus the instrument is blood flow depend-
ent. It has been validated against the electromagnetic flowmeter in loops of
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Fig 2. Use of the blood-flow dependent oxygen electrode to indicate the end-artery status of

individual mucosal arteries. Measurements of blood perfusion are made in the area supplied by the

artery, before and during a short temporary occlusion lasting one @nute. A drpp ip reading as

represented by solid lines indicates end-artery status. Dotted lines indicate necrosis will not occur.
By permission of Kluwer Academic Publishers.
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small and large intestine (26, 27). The electrode was embedded in the
centre of a transilluminating light guide, and being visible it could be
placed on the mucosa in the capillary distribution of a particular mucosal
artery. Following permanent occlusion, we found that in those cases where
necrosis occurred electrode readings fell to less than 7.5% of initial level,
whilst in cases with no necrosis readings fell to between 13.7 and 50% of
preligation levels (Fig 2). We thus calibrated our electrode so that im-
mediately after occluding a vessel, the fall in the instrument’s reading in-
dicated the vessel’s status.

The above method enabled selection of only mucosal end-arteries, which
we temporarily obstructed for fixed durations using a snare, and allowed
3 hours recovery for histological necrosis to occur (28). In single obstruction
experiments, there was no necrosis from a 20 minute obstruction, it sometimes
occurred after 30 minutes and always after a 40 minute obstruction. However
the results of shorter multiple obstructions were much more interesting.
Necrosis began to occur in some cases after only 4 occlusions of five minutes
duration, repeated at 1 minute intervals. It always occurred after 4 ten minute
occlusions. Necrosis was always due to thrombosis in the vessel at the site of
obstruction. Thrombosis began to occur after the 3rd five minute occlussion,
but we were able to detatch the thrombus by moving the vessel. After the 4th
occlusion the thrombus could not be moved on, and the blockage became
permanent. Now it could be argued that pulling a snare is unphysiological and
unlikely to occur in life. However it has been shown by us and others (29) (see
below) that contraction of muscle sheets through which arteries pass, causes
complete obstruction of arteries, hence the snare technique does mimick real
events as long as the minimum pull required to obstruct is used. In this case
thrombosis is due to physical endothelial damage.

This shows that permanent thrombosis of end-arteries with subsequent
ulceration, can be produced by relatively short and frequently repeated
obstructions. This temporal aspect of obstruction is applicable to both
ordinary mucosal arteries and the large end-arteries of extramural origin in
man occuring in the areas prone to chronic ulcers.

Role of muscle layers

Whilst we do not deny the likelihood of vasoconstriction playing a part in
occluding end-arteries, especially since this is a feature of stress, we feel the
evidence is very strong for the occlusive factor being focal spasm of muscle
layers, and we now outline the evidence supporting this mechanism.
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A very significant early work was
that of Oi et al (30) who found that in
3 man two thirds of gastric ulcers lie
beneath thickened bundles of mus-
cularis externa bordering the lesser
curvature. There is also a gross thick-
ening of the circular layer in a posi-
tion suggestive of the incisura angu-
laris. Figure 3 shows the close rela-
tionship between the site of 63 gastric
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Fig 3. Upper: Location of chronic gastric and duodenal uleers i relation to thickened muscle
bundles. Two vertical curving lines within the stomach indicate muscles bordering
the margins of the lesser curvature, whilst the horizontal curving line indicates
thickened muscle at the incisura. The lowest horizontal line indicates the pylorus.

Lower: A circle shows shape as well as location of an ulcer found on the musculature. Left,
64 ulcers single or multiple, of the stoinach only which were found in 60 specimens -
selected at random. Middle, 56 ulcers, single or multiple, of the duodenum only
which were found in 50 gastric specimens selected at random. Righ, all of the
combined gastric (30) and duodenal (25) ulcers. Numbers of specimens or ulcers
had to be reduced to keep illustration of ulcer shape clear. (By permission of

Gastroenterology)
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Dynamic studies by Orator (31) and DeBuscher (32) show that in man
the peristaltic wave tends to “‘stand still’ at the incisura whilst the rest of
1t sweeps round the greater curvature (because of the greater length of
this part), thus providing an association between sites of most prolonged
contraction and the most frequent site of gastric ulceration. That contract-
ing muscle obstructs flow in perforating arteries has been recently demon-
strated by Livingston et al (29). We too confirmed (unpublished data) that
vagally stimulated contraction of external musculature (peristaltic waves)
in guinea pigs obstructs flow in perforating vessels. We were unable to
produce tonic contractions at one site but the slowest wave caused arterial
occlusion lasting 7 seconds. Simultaneous measurements with the oxygen
electrode showed zero blood flow in the underlying mucosa. This was sur-
prising — for it indicated that if compensation occurs via the sub-mucosal
plexus it does not occur instantaneously.

These studies are relevant to human ulceration since abnormal motility has
now been shown to be a feature in active ulceration, with hypomotility
predominating (22, 33).Recently Read (34) showed that the major abnormality
in duodenal ulceration is that the normal coordinated antral duodenal contrac-
tions are replaced by more complex non-propagated duodenal wave forms, i. e.
suggesting focal spasm of external musculature. Such disturbances of motility
occurring principally in the chronic ulcer bearing areas, would primarily affect
the endarteries of extramural origin existing in those same areas. This, together
with our finding that contraction of external muscle occludes vessels and that
several 5 minute obstructions can result in thrombosis and ulceration, strongly
support this theory. '

It is in the light of the above musculo-vascular mechanism, that one can
interpret certain recent studies in animals which favour muscular contraction
as being important in ulcerogenesis. Thus in dogs chronic gastric ulcers have
been induced by stimulating the muscle with chronically implanted electrodes
(35). In stress produced by cold and restraint (36), or by hypothalamic
stimulation (37) ulceration was associated with contractions that were in-
creased fourfold in duration and amplitude. Hypermotility in the form of
increased amplitude and frequency but not duration has also been associated
with ulceration. Thus gastric ulcers in rats due to indomethacin have been
associated with gastric hypermotility (38), and duodenal ulcers due to cys-
teamine with duodenal hypermotility (39). Whilst prolonged duration of
contractions has not been detected in the latter two studies, it remains possible
that in hypermotile states, foci of spasm might exist which would be undetec-
ted by the balloon methods used by the above authors.



107
Muscularis mucosae

Whilst the external musculature can obstruct the arterial supply and
especially those end-arteries of extramural origin confined to the ulcer bearing
area; the muscularis mucosae is in a position to obstruct all mucosal arteries
throughout the stomach since in man these pass through it to reach the
mucosa. In the rat, guinea-pig and rabbit however the sub-mucous plexus as
well as the origins of mucosal arteries are all embedded within the muscularis
mucosae which splits to enclose them (Fig 4) (24). It was Walder (40) who first

Fig 4. Three dimensional representation of vessels of the sub-mucosal plexus running along tunnels
within the muscularis mucosae in guinea-pig. Contraction of muscularis mucosae in this pattern
explains the appearance shown in fig 5. (By permission of the Journal of Anatomy).

suggested that the muscularis mucosae might obstruct mucosal arteries, and he
performed the only pharmacological characterisation currently published of
strips of gastric human muscularis mucosae. It responded strongly to pitressin
and acetylcholine (1.3 x 107-blocked by atropine), slightly to histamine
(1.3 x 10%), and variously to nicotine and adrenalin. But most importantly it
was thicker in the lesser curvature and antrum than in other regions, and its
contractions were stronger and more prolonged in this area.

Recently in our own in-vivo studies in guinea-pigs, we have seen irregular
focal compression of arteries and veins of the submucosal plexus and mucosal
arteries, which we putatively ascribe to compression by contracting muscularis
mucosae, (Fig 5) (41). After removing a small piece of external musple, and
observing the vasculature by transillumination, foci were visible in which veins
and arteries were irregularly compressed. When most severe, all small arteries
veins were completely absent. In less severe cases veins were completely devoid
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of blood with a sudden cut off at the point where they enter the muscularis
mucosae, whilst arteries were clearly flattened by transverse bands, a picture
quite different from intrinsic vasoconstriction. The phenomenon was not due
to extramural pressure since it was present before the light guide touched the
tissue. Moreover the size of the area exhibiting this ,,spasm’ was shrunk by
27% as compared to its size when later relaxed, and this was manifested at the
time of spasm by tortuosity of unaffected vessels. This phenomenon is new to
the literature and we conclude it could only be caused by the one remaining
muscle, the muscularis mucosae. There was a concomitant pallor of the
mucosa which can only be explained by compression of the mucosa induced by
prolongations of muscularis mucosae into the mucosa (42). Simultaneous
recording of O, delivery to the pale mucosa showed severe ischaemia, oxygen
content being only 2 to 5% of that when the spasm effect had passed off. This
phenomenon, was also visible through the external musculature before the
latter was cut, and indeed cutting it intensified the phenomenon. If left
undisturbed these foci of spasm disappeared spontaneously within 3—S5
minutes (whereupon a normal circulation reappeared), but they could also be
abolished in 3—5 seconds by gentle mechanical stimulation of the mucosal
surface. Indeed manipulation performed to produce the best possible illumina-
tion abolished the effect, and this explains why many workers have missed
seeing this phenomenon.
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Fig 5. A. Submucosa. Gastric submucosal vessels immediately after exposure, showing a focus in
which small veins are completely obstructed, and small arteries partially, with pallor of
the mucosa. x40.

B. 5 seconds after mechanical stimulation of mucosa. Note appearance of venous network
invisible in the left picture, more prominent small arteries and less pallor of mucosa.
Note the diminished tortuosity of the two largest parallel vessels in the picture. Vessels
now appear normal under conditions of the experiment. x40

C. This is an enlarged view of a portion of Fig. 5SA. Transverse bands appear to partially
constrict the large artery running from top to bottom. The accompanying vein is
completely obstructed and its stem is visible at the top of the picture. x 80

D A very severe case of spasm of small-mucosal vessels at low power. The central pale area
is sub-mucosa and mucosa, whilst the darker surroundings are the edges of the external

muscle which has just been cut. x25
(Figs 5C, D by permission of Kluwer Academic Publishers)

This mucosal stimulation reflex is probably mediated by the capsaicin-
sensitive neural reflex whereby nerve endings in mucosa increase blood flow
(43). Its mediation by leukotrienes or opiods (44) suggest an area of possible
pharmacological intervention for preventing focal ischaemia in alcohol inges-
tion and stressful situations. A very similar segmental consriction of sub-
mucosal veins has been shown to occur with leukotriene C4 and ethanol (45,
46, 47). The effect of these substances on the gastric circulation may therefore
be mediated in part by the muscularis mucosae, and the concomitant mucosal
stasis and increased permeability may be secondary effects.

However another important feature of the spasm was that in 5 out of 25
cases it could not be abolished by mechanical stimulation. It remained and was
observed for 3 hours, whereupon the underlying mucosa had full thickness
necrosis, in contrast to surrounding areas which had normal mucosa underly-
ing uncompressed vessels. In these cases thrombosis had occurred in the

obstructed arteries and veins in the first 20 minutes.
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Whilst it is generally thought that the muscularis mucosae acts to compress
the mucosa in order to pump out secretions from the glands into the lumen,
the above study shows that in the absence of motility this may happen at the
expense of occluding the circulation. In the presence of continued stress, it may
be prolonged in susceptible cases to the point, of thrombosis of perforating
vessels and necrosis. This implies that during normal peristaltic activity,
movements of opposing surfaces of an empty stomach or of food rubbing
against the mucosa, will tend to reverse any tendency to spasm of muscularis
mucosae. Conversely, reduced movements will favour spasm and ischaemia.
Accordingly hypotonia and slow emptying as have been shown to occur in
stress and in chronic ulceration (22, 23), can be regarded as ulcerogenic factors
in so far as their influence on the muscularis mucosae is concerned. Thus the
cycle of events leading to ulceration could be acute physical or mental stress
inducing patchy contraction of the muscularis mucosae. This obstructs the
circulation and when contractions of 5 or more minutes duration are repeated,
an acute ulcer will result. Continued periodical stress, preferentially affecting
the lesser curvature and antrum, and perhaps exacerbated by infection with H.
pylori, will make a gastric ulcer chronic until rest and medication stop the
process. In the case of doudenal ulcer, continued stress, and both acidity and
H. pylori infection will act against healing. The same mechanism could be
applied to ulcers whose acuteness would be due to single application of stress,
and multiplicity due to multifocal distribution of spasm of muscularis mu-
cosae. Several mucosal arteries are obstructed in such a focus, resulting in
necrosis in a variably sized area, thus accounting for ulcer size and extension.

CONCLUSION

We have presented evidence that large end-arteries exist in man and are
confined to the areas where chronic ulcers occur, and that many ordinary
mucosal arteries are functional end-arteries. Five minute repeated compres-
sions of such vessels are sufficient to produce ulceration. Such compression can
occur from contraction of muscularis externa and of the muscularis mucosae,
and we have seen acute stress causing focal spasm of muscularis mucosae
resulting in ischaemia and ulceration. We therefore suggest the pathogenesis of
ulceration may be as follows:-

STRESS - PROLONGED REPEATED MUSCLE SPASM — OBSTRUCTED
CIRCULATION — ISCHAEMIA - BREAKDOWN OF MUCOSAL BARRIERS — ULCERATION

A chronic ulcer will result if this mechanism is local, repeated and affects
one of the large end-arteries in the lesser curvature or first part of the
duodenum. Acute multiple ulcers will result if the mechanism involves the
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muscularis mucosae affecting ordinary mucosal arteries throughout the organ.
This pathogenesis accounts for the localisation and initiation of lesions.
Subsequent healing or progression will depend on the balance of aggressive or
defensive factors. It is totally compatible with the well established mechanisms
of breakdown of mucosal barriers, with acidity and H. pylori preventing
healing and with therapeutic regimens designed to promote healing. The
missing step in this sequence, which may prove to be a fruitful line of future
investigation, is whether patients develop abnormally prolonged focal spasm
of external muscle or muscularis mucosae before the ulcer occurs. Perhaps the
reason why current therapy has not been successful in preventing recurrence, is
because it has not been aimed at attacking the initiating cause. A new
approach could be development of drugs that will relax stress-induced spasm
which, as we suggest, might be the most important cause of initiation and
recurrence.
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