Chapter 9
Clinical Presentation, Etiology,
and Diagnostic Considerations

Lars Stangenberg and Marc L. Schermerhorn

Clinical Presentation

Chronic mesenteric ischemia (CMI) is a fairly uncommon disease that accounts for
only 5 % of all cases of ischemic compromise of the gastrointestinal tract [1]. CMI
poses thus a diagnostic challenge to the medical practitioner. There are numerous case
reports of patients whose symptoms are vague and are treated for other causes than
the actual underlying problem of CMI. Often they are diagnosed with colitis or other
gastrointestinal diseases or even with depressive and eating disorders leading to poor
oral intake and subsequently weight loss [2, 3]. This, however, reflects the nonspecific
symptom complex and high prevalence of the other diagnoses such as colitis in the
differential. This is further complicated by the fact that many people with stenoses of
the mesenteric vessels do not show symptoms of CMI. The surgeon typically sees
only a small proportion of patients with postprandial pain; patients that were often-
times evaluated thoroughly by other specialists before presentation to a surgeon.
Part of the difficulty results from the rare occurrence of CMI. The prevalence is
estimated at 1 in 100,000 individuals [4, 5]. This is in stark contrast to the preva-
lence of some degree of stenosis of the mesenteric vessels. In a cohort study of 553
participants aged 65 and older, Wilson et al found that 17.5 % of elderly patients had
a critical stenosis of at least one vessel [6]. In another study researchers reviewed
205 consecutive angiograms of patients with aneurysmal or occlusive disease in the
Veterans Affairs system. They found asymptomatic stenosis of mesenteric vessels in
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40 % of patients with abdominal aortic aneurysms, 29 % in patients with aortoiliac
occlusive disease, and 25 % in patients with peripheral occlusive disease [7]. Despite
this rather common finding, it seems rare that the pathophysiologic process pro-
gresses to clinically detectable disease. In an observational study including 980
asymptomatic patients with at least 50 % stenosis of one of the visceral vessels,
Thomas et al found only 4 patients that developed mesenteric ischemia. All patients
had three-vessel involvement. The extensive collateralization between the three ves-
sels that occurs over time in affected patients contributes to the slow progression of
clinical symptoms and the low prevalence.

The classic patient is female and 75 years old. A female to male ratio of 2:1 has
been reported [8]. She presents with postprandial abdominal pain, weight loss, and
“food fear” (sitophobia). This triad of symptoms is present in about 50-60 % of
patients [9]. The pain is often described as dull and cramping and located in the
midepigastric area. The time course is important as it can distinguish CMI from
other processes causing abdominal pain. The pain starts 15—45 min after a meal and
lasts variably up to 4 h [1]. The intensity can be modulated by the size and the type
of the ingested food with large fatty meals resulting in the most severe pain [10].
The pain eventually progresses to constant discomfort.

Two theories have been proposed to explain the timing of symptoms. One focuses
on a mismatch between splanchnic blood flow and intestinal metabolic demand.
Under resting conditions the intestinal circulation receives 10-20 % of the cardiac
output. This increases to up to 35 % of the cardiac output after a meal in response to
the increased activity of the gastrointestinal tract [11]. The stenotic mesenteric ves-
sels cannot accommodate the doubling in flow and thus hypoperfusion ensues. The
other theory suggests a shunting effect. Poole et al describe the use of tonometry to
measure pH changes in stomach and small bowel of dogs [12]. They used ice cream
to stimulate the tissues and cause hyperemia. They found that ice cream placed in
the stomach causes a drop in pH in the small bowel indicative of a steel phenome-
non. Due to the recurrent pattern of postprandial pain, patients develop an aversion
to food and subsequently reduce the oral intake. This leads to an average weight loss
of 20-30 Ib at the time of diagnosis [13]. The weight loss is thus a result of decreased
caloric intake rather than malabsorption (Fig. 9.1).

Other symptoms are vague and nonspecific. They include nausea and vomiting,
fullness, and right upper quadrant discomfort. These symptoms are believed to be
caused by hypoperfusion of the celiac artery (CA) territory rather than the superior
mesenteric artery (SMA) territory leading to ischemic gastropathy. They occur in
about 15 % of cases. Finally, changes in bowel habits can occur. Hematochezia and
gastrointestinal bleeding due to CMI are rare.

Atherosclerosis is responsible for the majority of patients with CMI. Thus
classical risk factors for atherosclerosis can often be elicited from the patients. In
fact, half of the patients have known atherosclerosis in other vascular beds such as
peripheral or coronary arteries [10]. Another study found the following comorbidi-
ties and risk factors at the time of presentation: hypertension 91 %, peripheral vas-
cular disease 86 %, coronary artery disease 82 % with previous myocardial infarction
46 %, diabetes mellitus 66 %, hypercholesterolemia 48 %, and heavy smoking of
>25 pack years 53 %.
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Fig. 9.1 Cachectic patient in
right semilateral decubitus
position in preparation to
undergo retroperitoneal
transaortic endarterectomy

The findings on physical examination are rather nonspecific. Often patients are
underweight, sometimes to the point of cachexia due to poor oral intake related to
food fear. Occasionally one can auscultate a bruit over the origin of the mesenteric
vessels in the epigastrium. The bowel sounds, however, are frequently hyperactive.
On palpation of the abdomen, there is rarely tenderness. Signs of peritonitis such as
guarding or rebound tenderness are rarely found and suggest the possibility of acute
or acute-on-chronic mesenteric ischemia. Similar to the physical examination, labo-
ratory findings are nonspecific and often normal. Markers for the nutritional state of
the patient such as albumin and prealbumin for long-term and short-term caloric
intake are the exception and are low in many cases.

Etiology

Chronic mesenteric ischemia is usually caused by atherosclerotic changes of the
three mesenteric vessels. However, as mentioned earlier, most patients have involve-
ment of at least two vessels to cause clinically evident disease. According to some
estimations, up to 95 % of cases of CMI are due to atherosclerosis [9]. The athero-
sclerotic changes occur at the ostium of the affected vessel. These changes are also
found on the anterior aortic wall, and one might consider the ostial lesions of the
mesenteric vessels as progressive aortic disease. This probably also explains the
rare occurrence of isolated atherosclerosis-related disease of only one vessel.
Atherogenesis describes the multistep process of forming atheromatous plaques
in arteries [14]. A brief synopsis of the involved steps is given below (Fig. 9.2).
An early event in this process is the activation of endothelial cells (ECs). Usually
resisting leukocyte attachment, ECs respond to irritants such as hypertension or
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dyslipidemia by upregulation of cell adhesion molecules. Changes in endothelial
permeability also lead to increased deposition of cholesterol-containing low-density
lipoprotein (LDL) particles. Together with other chemoattractants, this leads to
eventual leukocyte adhesion and migration to deep layers of the arterial wall. There,
blood monocytes become tissue-resident macrophages and take up LDL. On patho-
logical examination these macrophages have taken up such large amounts of lipid
that they become foam cells. Foam cells and other cells of the immune system then
further stimulate the process by releasing pro-inflammatory cytokines such as
interleukin-1p (IL-1B) and tumor-necrosis factor (TNF). Smooth muscle cells from
the intima as well as the media proliferate in response to these stimuli and produce
extracellular matrix proteins including collagen and elastin, which form a fibrous
cap over the plaques. This cap covers viable as well as apoptotic foam cells and
extracellular debris and lipids. Over time the plaque grows and causes clinical mani-
festations by producing flow-limiting stenoses or by thrombus formation with distal
embolization.

Beyond atherosclerotic changes causing mesenteric ischemia, there are a variety
of systemic diseases that can affect the mesenteric vasculature. The prevalence of
mesenteric compromise related to these diseases is difficult to estimate but certainly
much lower than atherosclerosis as an etiology as mentioned above. Most available
data are derived from case reports or small case series. A study from the Mayo
Clinic seems to confirm this notion [15]. Over a period of 24 years, they treated only
15 patients (13 female and 2 male) for occlusive mesenteric vasculitis. Etiologies
were Takayasu’s arteritis in 7, polyarteritis nodosa in 4, indeterminate in 3, and giant
cell arteritis in 1. The majority of patients underwent open revascularization. A few
interesting points can be extrapolated from this paper. Patients with vasculitis as the
underlying etiology are significantly younger than patients with mesenteric isch-
emia due to atherosclerosis. The mean age was 38 versus 65. These patients lack the
classic cardiovascular risk factors of hypertension, hyperlipidemia, diabetes, and
smoking. Finally, the Mayo experience confirms the low prevalence of mesenteric
vasculitis (15 patients with vasculitis versus 163 patients with atherosclerosis).

Takayasu’s arteritis was the most common form of vasculitis in this series. This
finding is further supported by the majority of case reports on this subject [15]. Min
et al, for example, report their experience with Takayasu’s disease in 25 patients
[16]. Two of them had involvement of the mesenteric vessels and were treated with
stenting. Similarly, Kalangos et al report on 10 pediatric patients of whom 4 under-
went endovascular or open repair of the SMA to treat ischemic symptoms [17].

Thrombangiitis obliterans, also known as Buerger’s disease, is another inflam-
matory process that can lead to occlusion of the intestinal arteries over time. It is
associated with smoking and usually affects the peripheral arterial beds [18]. It has
long been known, though, that Buerger’s disease can affect the visceral arteries on
rare occasions [19]. Data are limited to case reports. Pfitzmann et al describe such a
rare event. A patient with abdominal pain was found to have necrotic small bowel
and hepatic hypoperfusion upon laparotomy [20]. Angiography eventually showed
occlusion of celiac trunk and SMA. He was revascularized by SMA thrombectomy
and vein bypass from SMA to hepatic artery.
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Giant cell arteritis can also cause mesenteric ischemia [21]. Evans et al found
smooth narrowing of the SMA and confirmed the diagnosis by temporal artery
biopsy. The patient was started on steroids and improved slowly over a 6-month
period. Other patients with giant cell arteritis can present more dramatically
with intestinal infarction or perforation and subsequent mortality as high as
30 % [22, 23].

Other forms of vasculitis can cause mesenteric ischemia infrequently. Chubachi
et al describe a patient with occlusive Behcet disease [24]. Churg-Strauss syndrome,
Wegener’s granulomatosis, microscopic polyangiitis, and other small-vessel arte-
riopathies can also on occasion affect the mesenteric circulation [25].

There are other unusual etiologies for mesenteric ischemia. Often there are only
one or two patients described with a particular pathology. Krupski reviewed them
in detail [26]. One patient suffered from an isolated spontaneous SMA dissection
and presented with classic symptoms of CMI [27]. Resection of the intimal flap
with vein patch angioplasty was performed with good result. Retroperitoneal
fibrosis and neurofibromatosis can also cause mechanical obstruction by external
compression [28, 29]. Median arcuate ligament syndrome is similarly recognized
as an external lesion leading to external mechanical obstruction of the celiac trunk
with ensuing ischemic symptoms. The syndrome is discussed in detail elsewhere
in this book.

Diagnostic Considerations

The diagnosis of CMI remains a formidable challenge to the medical practitioner.
It requires careful history taking to suspect mesenteric ischemia in a patient with
vague abdominal symptoms. It has been shown, however, that the establishment of
a multidisciplinary splanchnic diseases workgroup can lead to increased detection
of CMI [30]. This Dutch group was able to increase the rate of diagnosis from 7 to
23 persons per million per year due to an increased degree of suspicion and an
extensive investigation by several specialists.

Beyond a thorough history, the key to making a tentative diagnosis of CMI lies
with various imaging modalities as well as physiologic testing. These imaging
modalities include noninvasive techniques such as duplex ultrasonography (DUS),
computed tomographic angiogram (CTA), and magnetic resonance angiography
(MRA) and invasive techniques like conventional angiography, which served for a
long time as the gold standard. Tonometry as a physiologic test has been employed
to detect pH changes after stimulation. These tests can be used alone or in combina-
tion but even then a preoperative definitive diagnosis is impossible [9]. They can
suggest a high confidence of the correctness of the diagnosis, but only the improve-
ment of symptoms after a successful intervention, either open or endovascular,
confirms the diagnosis definitively.
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Fig. 9.3 Lateral projection
aortogram with proximal
mesenteric vessels (CA and
SMA). Note the significant
stenosis of the CA with
post-stenotic dilation (black
arrow) and the reduced
intensity of contrast in SMA
indicative of stenosis (white
arrow). Further information
can be obtained from
selective cannulation of
single vessels

Angiography

Biplanar selective angiography is the gold standard for detecting CMI against which
all other modalities are tested (Fig. 9.3). It used to be the only test available to aid in
diagnosis but has largely been replaced by newer technologies as outlined below. It
is employed in therapeutic efforts, though, and in this capacity has gained impor-
tance due to the increase in endovascular treatment of CMI. If performed for diag-
nostic purposes, it is crucial to obtain several views of the ostia of mesenteric
vessels. Plain anterior-posterior (AP) views do not allow for visualization of the
vessel origins. Lateral views are better suited to assess this area of the vessel where
most disease is located. Imaging should be performed early and late: early to visual-
ize the CA and SMA origin and late to evaluate the retrograde flow, delayed proxi-
mal visualization, and collateral pathways between CA, SMA, and inferior
mesenteric artery (IMA) [31].

Duplex Ultrasonography

Gene Strandness and colleagues at the University of Washington in Seattle demon-
strated 30 years ago the utility of duplex ultrasonography (DUS) to detect stenoses
and occlusions of mesenteric vessels [32]. This group found elevated velocities of
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Fig. 9.4 Duplex ultrasonography examination of patient with symptoms of abdominal pain,
weight loss, and food fear. DUS shows laminar flow in the aorta and CA. There is, however, turbu-
lent flow at the SMA origin indicative of a stenosis, which was confirmed by pulse waveform
analysis of this area. This showed PSV of 440.9 cm/s, a significantly elevated value

CA and SMA in a patient with postprandial abdominal pain and weight loss.
Angiography confirmed the diagnosis. Since that time DUS has become the fore-
most screening tool to assess CMI due to its low cost, high speed, and general avail-
ability (Fig. 9.4). Starting in the early 1990s, several groups published retrospective
reviews to establish velocity parameters and thresholds that would reliably predict
critical stenoses of the mesenteric vessels. Moneta et al first published duplex crite-
ria for diagnosis of SMA or CA stenosis in 1991 [33]. They used peak systolic
velocities (PSV) and found that velocities >275 cm/s for the SMA and >200 cm/s
for the CA predicted stenosis of at least 70 %. Sensitivity, specificity, and positive
predictive values were 89, 92, and 80 % for the SMA and 75, 89, and 85 % for the
CA, respectively. In their hands end-diastolic velocities (EDV) or calculated veloc-
ity ratios did not add additional accuracy to the test. This is in contrast to the data
from Dartmouth where the authors found EDV more accurate than PSV in the diag-
nosis of SMA stenosis [34]. They reported an EDV >45 cm/s in the SMA to be the
best indicator of severe stenosis (sensitivity 100 %; specificity 92 %). In their hands,
PSV>300 cm/s was less sensitive (63 %) but highly specific (100 %) for severe
SMA stenosis. They also reported issues with imaging the CA and correctly identi-
fying threshold values. This was attributed to increased collateral flow through the
gastroduodenal artery that would reduce the velocities across a CA lesion. In a later
publication, the authors proved this to be the case and reported reversal of flow in
the common hepatic artery to predict severe CA stenosis or occlusion [35].
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Shortly after publishing the diagnostic threshold criteria using PSV, Moneta et al
published a prospective study validating their initial results [36]. They studied 100
patients who underwent routine aortography and subsequently had DUS. Sensitivity,
specificity, positive predictive value, negative predictive value, and overall accuracy
for detection of a 70 % or greater SMA stenosis were 92, 96, 80, 99, and 96 % and for
a70 % or greater CA stenosis 87, 80, 63, 94, and 82 %, respectively. Similarly, Zwolak
et al confirmed the Dartmouth criteria using EDV to diagnose stenoses [37]. An EDV
threshold of 45 cm/s had a sensitivity of 90 %, specificity of 91 %, positive predictive
value of 90 %, negative predictive value of 91 %, and overall accuracy of 91 % for
detecting SMA lesions. For the CA, a threshold of 55 cm/s or no flow signal had best
overall accuracy (95 %) with high sensitivity (93 %) and specificity (100 %). They
also confirmed that a CA PSV>200 cm/s or no signal has excellent accuracy (93 %),
sensitivity (93 %), and specificity (94 %). The PSV data for the SMA were less con-
vincing. It provided low overall accuracy (81 %), low sensitivity (60 %), but high
specificity (100 %). The parameters that were established by both groups have been
used for the last 2 decades to screen for and diagnose critical lesions of the mesenteric
vessels. Recently though, a study by AbuRahma et al questioned these thresholds
[38]. They found PSV >295 cm/s to provide the highest accuracy for detecting SMA
stenosis>50 % and PSV >400 cm/s for SMA stenosis>70 %. The sensitivity for a
50 % stenosis was 87 %, specificity was 89 %, and overall accuracy 88 %, and for
detecting a 70 % stenosis, it was 72, 93, and 85 %, respectively. Finally, DUS is a
dynamic examination that relies on operator expertise as well as patient factors such as
respirations, body habitus, timing of last meal, bowel gas, and anatomic variations [39].

The role for duplex extends beyond the initial diagnosis. Several studies show the
utility of this powerful technology to follow patients after interventions. This allows for
timely recognition of restenosis before it becomes clinically apparent and thus pro-
vides a window for a second intervention. There is, however, no clearly defined thresh-
old for re-intervention. Baker et al document their experience of pre- and postprocedural
duplex on 23 patients [40]. The mean PSV before intervention was 464 cm/s while it
dropped to 335 cm/s afterwards. This number is still higher than the threshold of
275 cm/s used to diagnose the critical stenosis in the first place. From these rather
preliminary data, they concluded that a threshold of PSV >500 cm/s inside the stent or
a change from baseline PSV obtained at 1-month follow-up should be used to trigger a
re-intervention. Schoch et al come to a similar conclusion in their review of 107 patients
having undergone endovascular therapy [41]. Eighty-three percent of patients had
recurrent stenosis on surveillance duplex but 53 % remained asymptomatic. Thus clini-
cal context and change from early baseline PSV values should trigger an intervention.

Computed Tomographic Angiography

Computed Tomographic Angiography (CTA) is a modern, fast, and accurate imag-
ing modality to visualize the mesenteric vessels and their pathology. Especially
since the introduction of multi-row detector technology in the late 1990s, the quality
of temporal and spatial resolution is excellent [42].
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Compared to conventional angiography, it allows for more complete assessment
of the mesenteric vasculature [43]. It can be viewed in multiple planes and may
include three-dimensional (3D) reconstructions (Fig. 9.5). CTA depicts vascular
narrowing as well as the atherosclerotic plaque itself. A normal CTA virtually rules
out CMI [44]. Finally, the CT part of the study enables evaluation of the bowel at
the same time. Thickening of the bowel wall can indicate inflammatory changes
associated with ischemia. A late finding of severe ischemic is the presence of pneu-
matosis intestinalis, air within the bowel wall. This might not be as critical for CMI
as for AMI but is certainly beneficial and lends to a more thorough assessment.
Similarly to conventional angiography, early and late phase images can be reac-
quired and thus provide more information. Late phase sequences examine the
venous system including IMV, SMYV, splenic vein, and portal vein.

Other findings include calcified and noncalcified atherosclerotic plaque, typi-
cally in the CA and SMA and less commonly in the IMA. The plaque is usually
found in the proximal segment of the vessel within a few centimeters from its origin
[45]. CTA is the superior modality to evaluate the plaque in detail as this has impli-
cations for treatment such as clamp placement and choice of inflow and target.
Through adjustments of the window and level, and comparison to non-contrast
images, calcified plaque can usually be distinguished from contrast. Changes in ves-
sels in the proximity of a stenosis can increase the certainty of the diagnosis. One
can detect the presence of collateral pathways, e.g., prominent vessels around the
head of the pancreas that should raise immediate suspicion of a hemodynamically
significant stenosis of the CA resulting in dilatation of the pancreaticoduodenal
arteries [43]. This is somewhat similar to DUS, which can also assess the proximity
of the stenotic vessel and detect ante- and retrograde flow in the hepatic artery.
Detection of flow, however, is not possible with CTA, and only indirect findings
such as the development of collaterals can hint at changes in flow.

Several studies evaluated the sensitivity and specificity of CTA compared with
conventional angiography as gold standard. Cikrit et al performed a retrospective
review of 32 patients, who had both angiography and CTA to evaluate stenoses of
mesenteric arteries [46]. Spiral CTA had a sensitivity of 75 % and specificity of
100 % for detection of a 75 % celiac arterial stenosis. For detection of a similar
stenosis in the SMA, sensitivity was 100 % and specificity was 91 %. By means of
the Pearson correlation coefficient, significant correlation (p <0.001) was confirmed
between spiral CT and arteriography for evaluation of stenosis of the SMA
(r=0.8991) and celiac artery (r=0.8260).

Stueckle and colleagues confirmed this early experience and reported their
results of 52 patients who underwent both CTA and angiography [47]. All aneurysms,
occlusions, stenoses, and calcifications were diagnosed correctly by CTA in axial
and multiplanar projections (sensitivity 100 %; specificity 100 %). The degree of
stenosis was overestimated in three cases when using axial projections. Three-
dimensional volume-rendered CTA showed a sensitivity of 91 % for aneurysms,
82 % for stenoses, 75 % for occlusions, and 77 % for calcifications. The specificity
was 100 % in all cases.
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Fig. 9.5 (a—c) Axial and sagittal reconstructions of CTA. (a) The axial view is well suited to
assess calcifications, stenoses, and occlusions at the origin of the mesenteric vessels as seen here
(white arrow). (b) The sagittal reformat is particularly helpful in assessing the length of a stenosis
as it allows for depicting the vessel in a longitudinal section. (¢) Finally, 3D reconstructions are
possible from CTA raw data that permits complete assessment of the mesenteric vasculature.
These images can be viewed in all planes and help in preparation of endovascular interventions,
e.g., choice of ideal projection angles to see the stenosis during angiography
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The data generated from radiologic assessment of visceral vessels in setting of
CMI is mirrored by data in the setting of AMI. A meta-analysis of six studies pub-
lished between 1996 and 2009 on the diagnostic accuracy of MDCT in AMI showed
a pooled sensitivity of 93 % and specificity of 96 % [48].

Given its widespread availability, low interobserver variability, noninvasiveness,
moderate cost, and excellent diagnostic properties, CTA should be the anatomic
imaging modality of choice for patients with clinical suspicion of CMI. In our prac-
tice, CTA is employed after initial screening with DUS but before any intervention
for suspected CMI. Disadvantages of CTA include the use of ionizing radiation and
the need for a contrast agent with its risk of allergic reactions and nephrotoxicity.

To overcome some of these issues, we have developed an institutional protocol
to prevent allergic reactions (prednisone 50 mg at 13, 7, and 1 h before CTA; diphen-
hydramine 25 mg at 7 and 1 h before CTA) in those at risk. There is ongoing research
and currently conflicting data on interventions to reduce the occurrence of nephro-
toxicity. We employ simple hydration before and after the imaging study with iso-
tonic saline [49]. We do not use bicarbonate or acetylcysteine. We suggest the
following algorithm for the patient with elevated creatinine who is at risk for both
contrast-induced nephropathy as well as nephrogenic systemic fibrosis from gado-
linium (see MRA section below): hydrate and then perform CTA if the glomerular
filtration rate is not prohibitively low (GFR <30 cc/min). If this is the case, then we
proceed straight to angiography based on a highly suggestive DUS and history.
During angiography further techniques can be used to reduce the amount of contrast
given such as only limited lateral views rather than both AP and lateral views.
Furthermore, one can use carbon dioxide as a contrast agent and can add intravas-
cular ultrasound or pressure gradient measurements if needed.

Magnetic Resonance Angiography

Magnetic resonance angiography (MRA) offers a second modality for obtaining
anatomic imaging of the visceral vessels aside from CTA (Fig. 9.6). There are,
however, important differences. Benefits of this technology are the avoidance of
ionizing radiation and iodinated contrast agents. On the other hand, disadvantages
include the long time to perform a study (~10 min) and the reduced degree of spatial
resolution compared to CTA. It also has reduced visualization of the IMA, periph-
eral mesenteric vessels, calcified plaques, and previously placed stents [50]. Finally,
MRA requires use of gadolinium-based contrast agents that are safer than iodinated
agents used for CTA on a large scale. A rare but very severe adverse effect of gado-
linium-based contrast agents is nephrogenic systemic fibrosis, a potentially lethal
complication [51].

An early study by Wasser and colleagues proved the usefulness of this tool [52].
They performed conventional angiography on 24 patients and then performed
cardiac-gated three-dimensional phase contrast MRA. They optimized the sequences
and subsequently performed prospective studies on 10 patients with presumed
CML. Of six patients with stenoses on angiography, MRA identified four correctly
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Fig. 9.6 3D reconstruction of aorta, mesenteric, and renal vessels from MRA raw data. Stenoses
of the CA and SMA are clearly seen (red arrows)

which translates into a sensitivity of 66 %. Issues with their approach include the
long acquisition time and susceptibility to motion artifact.

Another rather small study confirmed the general appropriateness of MRA to
assess CMI. Meaney et al evaluated 14 patients with correlative angiograms and
found stenosis in 7 CAs, 6 SMAs, and 4 IMAs. In two cases, IMA stenosis was over-
graded. Overall sensitivity and specificity of MRA was 100 % and 95 %, respectively
[53]. Similarly, Ernst et al assessed the degree agreement between angiographic and
MR findings in a series of 24 patients by weighted kappa analysis [54]. Agreement
was good or excellent for the hepatic artery (x=0.78), the superior mesenteric artery
(x=0.65), the splenic artery (x=0.70), the portal vein (x=1.0), the superior mesenteric
vein (k=0.88), and the splenic vein (x=0.75). Carlos et al showed a low degree of
interobserver variability for mesenteric MRA [55]. Interobserver agreement for grad-
ing proximal splanchnic stenosis was 0.90 for CA, 0.92 for SMA, and 0.48 for IMA.
The study also confirmed the rather poor imaging quality of MRA regarding the IMA.

MRA imaging can be combined with MRI and then yield functional information
about splanchnic blood flow that is otherwise not attainable. Flow velocities and
total flow volumes can be measured in the mesenteric vessels using two-dimensional
cine phase contrast velocity mapping [9]. Flow volumes in both the SMA and the
superior mesenteric vein (SMV) have been measured with MRI. Li and colleagues
showed that postprandial flow augmentation in the SMA (exceeding 100 % in
normal volunteers) was significantly reduced in a patient with high-grade stenosis
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[56]. Burkhart et al performed a study of 10 volunteers and 10 patients to assess
changes in SMV flow [57]. They showed that the difference between fasting and
postprandial flows in the SMV was 245 +74 % in healthy volunteers. In four patients
with angiographically proven stenosis of the mesenteric arteries, postprandial flow
augmentation in the SMV was significantly reduced to 64 +28 %.

MRI can also be employed to measure the oxygen saturation of hemoglobin. The
principle behind MR oximetry is that deoxyhemoglobin in erythrocytes is paramag-
netic, but oxyhemoglobin (HbO2) is not. This allows for calculation of mesenteric
oxygen extraction, which in turn is determined by the rate of mesenteric blood flow.
As blood flow decreases, oxygen extraction will increase to maintain the level of
oxygen uptake. Li et al measured the percentage of oxyhemoglobin (%HbO2) in the
SMYV before and after intake of a standard meal in a canine model [58]. Later they
used this technology to assess patients with CMI. Normally, the %HbO2 in the
SMYV increases postprandially by 4.6+0.6 %, but in six patients with CMI, the
9%HbO?2 in the SMV decreased by 8.8 +0.7 % [59].

Tonometry

As described earlier, tonometry can be employed as a functional tool to assess mes-
enteric ischemia. The principle was initially reported in 1965 [60]. A tonometry
catheter is inserted into the stomach or the intestine. This catheter includes a gas-
permeable silicone balloon. Carbon dioxide freely equilibrates between the gastric
mucosa, the lumen, and the content of the balloon. After equilibration the air is
sampled from the balloon and analyzed. Theoretically, hypoperfusion below a criti-
cal level causes mucosal carbon dioxide accumulation. Since carbon dioxide dif-
fuses easily across membranes, the PCO, in the lumen of the gut also increases,
leading to an increase in the gap between tonometrically measured luminal PCO,
and the conventionally measured PCO, in the peripheral blood. In the 1980s proof
of principle studies were undertaken in dogs [61] as well as humans [62]. Since that
time it has been advocated as a diagnostic tool without becoming a common modality
[63]. The reason why it has not reached widespread routine use may lie with uncer-
tainties regarding physiologic background and methodology [64]. For example,
the diagnostic value of postprandial gastric PCO, levels is questionable [65], but
gastric PCO, exercise tonometry seems more promising as a diagnostic test for gas-
trointestinal ischemia [66, 67]. Finally, the methodology is not simple as one has to
avoid food in the stomach, acid buffering, and CO, generation.

Diagnostic Approach at Our Institution

As a summary of the presented data, we would like to offer the diagnostic approach
we take at our institution. After a thorough interview focusing on cardiovascular
risk factors, classic as well as subtle symptoms of mesenteric ischemia and a
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physical examination, we begin our diagnostic testing with duplex ultrasonography. It
is cheap and readily available in our office. It sometimes can be performed at the
same time if the referred patient is still NPO. Using DUS as an initial screening test,
we usually order a CTA to confirm the putative diagnosis of CMI. It also serves
other purposes such as evaluating the distal vessels that cannot be visualized during
DUS, uncovering other potential vascular disease processes like aneurysms, and
finally allowing for planning of an intervention. This can be an endovascular inter-
vention — our preferred approach for most patients — or an open operation. In this
situation a CTA delineates the entire aorta and iliac system and thus shows suitable
clamp sites for bypasses. For an endovascular procedure, we like to use CTA to
measure the vessels and size stents accordingly rather than to rely on intraproce-
dural angiographic measurements. Finally, we take patients to the angio-suite for
definitive diagnosis and treatment in the same procedure.
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