Chapter 3
Pathophysiology
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The first clinical and anatomical descriptions of intestinal ischemia were recognized
by Chienne in 1869 and Councilman in 1884 [1, 2]. Goodman in 1918 associated
the symptoms of postprandial abdominal pain to those of patients with angina
pectoris [3]. Dunphy from the Peter Bent Brigham Hospital reported in 1936 the
correlation between recurrent abdominal pain and fatal intestinal infarction from
occlusive mesenteric arterial disease [4]. In that report, 60 % of patients who died
of intestinal infarction had a history of recurrent abdominal pain, which preceded
the fatal event by weeks, months, or years. Since then, the term intestinal angina has
been coined to describe the classic symptom of chronic abdominal pain that occurs
after meals, which is the cardinal symptom of chronic mesenteric ischemia (CMI).

Current estimates indicate that CMI accounts for <1 per 100,000 hospital admis-
sions in the United States and <2 % of all admissions for gastrointestinal conditions [5].
Since the first successful mesenteric endarterectomy by Shaw and Maynard in 1958,
techniques of revascularization have greatly evolved [6]. Advances in diagnostic
imaging, medical therapy, surgical techniques, and endovascular technology
resulted in improved outcomes. Balloon angioplasty was reported to treat
mesenteric arterial stenoses by Uflacker, Furrer, and Gruentzig and colleagues in
1980 [7, 8]. During the last decade, mesenteric angioplasty and stenting gained
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widespread acceptance and became the most frequently utilized treatment for CMI,
relegating open surgery to patients who fail endovascular therapy or have complex
lesions unsuitable to it [9]. This chapter provides a comprehensive review of the
normal physiology of mesenteric circulation and pathophysiology of CMI.

Vascular Anatomy

The gastrointestinal tract is supplied by three direct aortic branches (Fig. 3.1), the
celiac axis, superior mesenteric artery (SMA), and inferior mesenteric artery (IMA).
The celiac axis supplies the upper gut including the stomach, liver, and spleen. The
SMA is the largest single branch of the abdominal aorta and supplies the midgut,
including the entire intestine, proximal portions of the colon, and the pancreas. The
inferior mesenteric artery delivers blood to the distal colon. There is extensive
collateral network between these three arteries, as well as other collateral pathways
via phrenic, internal iliac, and parietal branches.

Fig. 3.1 Mesenteric
circulation and its collateral
networks between the celiac
artery, superior mesenteric
artery, and inferior mesenteric
artery (By permission of
Mayo Foundation for
Medical Education and
Research. All rights reserved)
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Physiologic Response

Approximately 20 % of the cardiac output goes through the mesenteric arteries
under normal conditions [10]. Blood flow to the gastrointestinal tract increases even
before the ingestion of a meal, remaining elevated at levels approaching 100-150 %
of normal (2,000 ml/min) over the next 3—6 h. There is still controversy if the blood
flow is redirected selectively to the mesentery. In the 1930s, Herrick used a thermo-
stromuhr to demonstrate that blood flow is increased 5 h after a meal in awaken dogs
not only in superior mesenteric artery but also in carotid, coronary, and femoral
arteries. Some speculated that these changes could be due to an increase in cardiac
output [11]. Most of the early attempts to understand the physiologic response of
mesenteric circulation after meal were based in extrapolation from animal data or
from limited experiments using angiographic techniques or laparotomy with appli-
cation of electromagnetic flowmeters [12].

The normal hyperemic postprandial response is mediated by cardiovascular
changes that accompany the ingestion and digestion of food. It is well documented
that these changes start even before food reaches the stomach. Anticipatory response
usually represents a small increase in superior mesenteric artery blood flow. When
meal doesn’t reach the stomach, response tends to last only a few minutes. Studies
in dogs and primates have shown that cardiac output, heart rate, and aortic pressure
are increased in this phase but also that there is little change in mesenteric vascular
resistance. After the anticipatory period, increase in cardiac output is not well
documented [11].

Mesenteric vasodilatation starts 3—5 min after food enters the intestine, reaching its
maximum 30-90 min later and lasting 4-6 h. The latency and duration of these
responses depend upon the type and quantity of a meal, with high fat and protein-
containing foods producing the most profound and sustained intestinal hyperemia [13].
Moneta and colleagues described variations in duplex scan measurements after
ingestion of six different liquid meals by conscious humans: mixed, carbohydrates,
fat, protein, mannitol, and water. Superior mesenteric artery blood flow measure-
ments showed significant increases in peak systolic velocity, end-diastolic velocity,
mean velocity, and volume flow after all meals, except water. Peak changes after
carbohydrate meal tended to occur earlier and to be less intense than after mixed or
fat meals. Although increases in duplex parameters in response to protein were
less than those of carbohydrate, they appeared to be better sustained. Femoral and
celiac arteries showed no significant changes. Minimal change in velocities in the
celiac axis (CA) is presumably due to the relative low resistance on the splenic and
hepatic circulations at baseline [12].

Postprandial mesenteric hyperemia is confined to organs in which digestion is
occurring, but is not shared equally within the same mesenteric arterial territory or
within the tissue layers of the intestine. The increased blood flow in the superior
mesenteric artery (SMA) territory elicited by food in the intestine is associated
with little to no change in blood flow to the stomach, pancreas, and colon.
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Studies with introduction of food in specific parts of the intestine of dogs showed
that even within the intestine, various regions are perfused in different degrees [11].
At the level of the intestinal wall, blood flow distribution favors the mucosa (70 to
80 % of total blood flow), rather than the submucosa and muscularis [ 14]. Mesenteric
postprandial hyperemia is selective in its distribution to regions related to digestive
and absorptive processes [11].

Several mechanisms have been proposed to explain postprandial hyperemia.
Potential mediators are divided in five categories: direct effect of absorbed nutrients,
enteric nervous system, gastrointestinal hormones and peptides, local nonmetabolic
vasoactive mediators, and local metabolic vasoactive mediators [15]. Lipid micelles,
some amino acids, carbon dioxide, and nitrogen ions are capable of diffuse across
intestinal epithelial barrier to directly initiate autoregulation of blood flow in
microvessels [16].

Effects of enteric nervous system are unclear. Postprandial hyperemia is not
modified by pharmacological or surgical sympathetic blockade. Atropine infusion
inhibits food-induced mesenteric vasodilatation, which is compatible with at least a
partial influence of a hormonal mechanism, for cholinergic blockade reportedly pre-
vents the release of cholecystokinin (CCK) [11]. Capsaicin-sensitive afferent fibers
responsible for releasing CCK, substance P, and vasoactive intestinal polypeptide
(VIP) are also potentially involved, since capsaicin and lidocaine can prevent hyper-
emia associated with micelle absorption. Therefore, a nonadrenergic, noncholiner-
gic mechanism is possible [16].

Earlier studies with systemic infusion of secretin, gastrin, or CCK reported
increases in superior mesenteric blood flow. CCK was also associated with increases
in small intestinal and pancreatic blood flow [11]. Premen and colleagues ques-
tioned the importance of CCK as a physiological intestinal vasodilator, based on the
finding that at physiological rates, it didn’t alter intestinal blood flow. These authors
performed intra-arterial infusion of secretin, neurotensin, CCK, and a combination
of the three hormones in dogs. Results suggested that alone or in combination, none
is of quantitative importance in regulating blood flow in postprandial state [17]. VIP,
gastric inhibitory peptide, calcitonin gene-related peptide a, glucagon, enkephalins,
somatostatin, and peptide YY also don’t appear to have a role at physiological
doses. It is acceptable, however, that specific sites in the digestive system may expe-
rience sufficient levels of these substances to produce a controlled local effect [16].

Serotonin, histamine, bradykinin, and prostaglandins are produced by small
intestine in response to normal or pathological stimuli. Histamine release in the
stomach has long been implicated in the control of blood flow. Its vasodilating
effects are mainly mediated by H1 receptors. The proper role of local nonmetabolic
vasoactive mediators probably depends on the balance of vasoconstrictors and vaso-
dilators [11, 17].

Current knowledge suggests that metabolic products, mainly oxygen uptake and
tissue PO, are the basic mediators of postprandial vascular response. Adenosine
occupies fundamental positions in almost every metabolic process, and its levels are
also elevated during hyperemia. Nitric oxide (NO) is a potent vasodilator product of
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endothelium, with important role as a regulator of intestinal motility, fluid balance,
and electrolyte absorption. In rodents, NO appears to be essential for permucosal
arteriolar dilation [16].

Collateral Pathways

The mesenteric circulation is rich in collateral network between the three main vis-
ceral artery territories (CA, SMA, and inferior mesenteric artery) and the internal
iliac arteries (Fig. 3.1). Direction of blood flow is contingent on the location of the
significant stenosis. The gastroduodenal and pancreaticoduodenal arteries provide
collateralization between the CA and SMA. The marginal artery of Drummond and
the arc of Riolan (Fig. 3.2) connect the left colic artery (inferior mesenteric artery)
to the middle colic artery (SMA). The term meandering or central anastomotic
artery describes marked enlargement that occurs in the arc of Riolan in patients

Fig. 3.2 Computed tomography angiography in a patient with severe symptoms of chronic mesenteric
ischemia. Note the three-dimensional reconstruction with large meandering artery, which provides
collateral flow into the superior mesenteric artery via arc of Riolan (curved arrow) and marginal artery
of Drummond (arrowhead). The SMA connects to the celiac artery via gastroduodenal collaterals
(straight arrow)
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with high-grade stenosis or occlusion of the SMA and collateralization via a patent
inferior mesenteric artery (IMA) [18]. The internal iliac arteries provide a collateral
pathway via the hemorrhoidal branches.

Pathophysiology

Patients with chronic mesenteric ischemia fail to achieve the postprandial hyper-
emic response that is required to supply oxygen for the metabolic processes of
secretion, absorption, and for increased peristaltic activity [19]. Just as in the patient
with ischemic cardiomyopathy, where angina pectoris occurs as a result from inad-
equate supply of oxygen, intestinal angina results from the relative imbalance
between tissue supply and demand for oxygen and other metabolites. At the tissue
and cellular level, the lack of adenosine triphosphate metabolism affects intestinal
mucosa, muscularis, and visceral nerves, causing failure of most intestinal mucosal
transport pathways and contracture of the muscular layer with inadequate relax-
ation, resulting in malabsorption and abdominal pain [20, 21].

Because of the extensive collateral network, the majority of patients with symp-
toms of CMI have significant stenosis or occlusion of at least two of the three mes-
enteric arteries. In the last Mayo Clinic review of 229 mesenteric arteriographies,
98 % of patients with CMI had two- or three-vessel involvement, with occlusion or
critical stenosis of the SMA in 92 % [22]. However, contrary to what has been
propagated in many surgical textbooks, this is not an absolute requirement [23, 24].
The clinical significance of ischemia correlates not only to the extent of disease
but also the adequacy of collateral pathways, acuteness of symptoms, and presence
of arterial steal; approximately 2—-10 % of patients with CMI have single-vessel
disease, which affects primarily the SMA and patients with poorly developed col-
laterals or more acute presentation, as might be predicted from the postprandial
hyperemic response [22].

Despite the limitations of using a non-complacent glass-model aorta with steady
flow, Ku and colleagues demonstrated flow patterns that may explain the tendency
of the infrarenal aorta in forming plaque. Flow separation and stagnation at the pos-
terior wall of the aorta, mainly directly opposite the orifices of superior and inferior
mesenteric arteries, were reported in resting and postprandial simulations.
The shear stress could lead to plaque formation and eventually in both obstructive
and aneurysmal disease.

Conclusion

The mesenteric arterial anatomy consists of a robust collateral network between the
celiac, SMA, and IMA territories. The normal hyperemic response observed after a
meal is triggered by humoral and metabolic factors, which result in a tenfold
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increase in blood flow. Patients with symptoms of chronic mesenteric ischemia are
not able to mount this normal response; intestinal angina occurs as a result from
inadequate supply of oxygen and from the relative imbalance between tissue supply
and demand for oxygen and other metabolites.
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