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ABSTRACT

Systemic and regional effects of progressive intestinal ischemia and
reperfusion were evaluated by graded occlusion of superior mesenteric artery
(SMA) by 40 %, 70 % and 100 % for 60-minute periods and the release
thereafter in 12 pigs. The influences of dobutamine and fluid treatment on
intestinal hemodynamics, tissue oxygenation and renal function during 70 %
SMA occlusion for 120 minutes and the release thereafter were evaluated in 24
pigs. In addition, 24 pigs served as non-ischemic controls. The animals were
assigned into four treatment arms (control, fluid therapy, dobutamine therapy
and combination of dobutamine and fluid therapy).

Intestinal ischemia occurred at 33 minutes after 70 % SMA occlusion, and was
related to decreased intramucosal pH (p<0.01) as well as increased portal
venous-arterial lactate gradient (p<0.01) and splanchnic oxygen extraction
(p<0.05). Systemic changes observed during the SMA occlusion were non-
specific and mostly related to hypovolemia. Ischemia decreased intramucosal
pH (p<0.05 vs sham control), but did not modify the effects of dobutamine or
fluid treatment on systemic hemodynamics and oxygen transport. In the
ischemic animals, dobutamine on its own reduced intramucosal pH further
{(p<0.05 vs ischemic control) and increased portal venous-arterial lactate
gradient (p<0.05). Renal function and diuresis during the SMA occlusion and
reperfusion did not differ between ischemic and sham groups.

Severe regional splanchnic hypoperfusion may develop without any systemic
signs of oxygen supply/demand mismatch. Dobutamine on its own worsened
intestinal tissue perfusion during partial superior mesenteric artery occlusion.
Compared to sham treatment, intestinal ischemia and reperfusion did not
influence renal function.

National Library of Medicine Classification: W 400, OZ 170

Medical Subject Headings: intestinal mucosa; intestines; ischemia; splanchnic
circulation; hemodynamics; arterial occlusive disease; mesenteric vascular
occlusion; reperfusion; kidney; lactic acid; dobutamine; fluid therapy; carbon
dioxide; creatinine; disease models, animal; swine; animal
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ABBREVIATIONS

ATP adenosine triphosphate

BE base excess

Cl cardiac index

(610)] cardiac output

Cor creatinine clearance

DO, oxygen delivery

HR heart rate

MAP mean arterial pressure.

MCVP mean central venous pressure
MPAP mean pulmonary artery pressure
PAOP pulmonary artery occlusion pressure
PCO; carbon dioxide tension

PCWP pulmonary capillary wedge pressure

PO, oxygen tension

PvO, mixed vein oxygen tension

Qsma superior mesenteric artery blood flow

SD standard deviation

SEM standard error of mean

SIRS systemic inflammatory response syndrome
SMA superior mesenteric artery

SV stroke volume

SvO; mixed venous oxygen saturation

SVRI systemic vascular resistance index

VO, oxygen consumption
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1. INTRODUCTION

The splanchnic region receives 25- 30 % of the cardiac output and accounts
for a slightly greater proportion of the total body metabolic activity. It has been
suggested that impaired splanchnic perfusion contributes to the pathogenesis of
multiple organ dysfunction in critically ill patients (Carrico et al 1986, Deitch et al
1987). Early detection of splanchnic hypoperfusion is important in preventing
the development of this morbid cascade. Mixed venous hypercarbia and an
increased mixed venous-arterial carbon dioxide gradient in low flow states, such
as hemorrhagic shock (Benjamin et al 1987, Van der Linden et al 1995),
cardiogenic shock (Groeneveld et al 1991, Zhang and Vincent 1993) and septic
shock (Bakker et al 1992, Mecher et al 1990) as well as abnormalities in oxygen
delivery, consumption, extraction, base deficit, blood lactate concentration,
arterialvenous oxygen content difference, mixed venous oxygen saturation and
intramucosal pH have all been suggested to be good indicators of tissue
hypoperfusion (Dhainaut et al 1990, Schlichting and Lyberg 1995). However,
there is also evidence that regional splanchnic hypoperfusion may occur without
there being any systemic signs of inadequate regional hemodynamics and the
assessment of gastrointestinal intramucosal pH or carbon dioxide by tonometer
have been proposed as promising methods for the detection of inadequate
splanchnic perfusion (Antonsson et al 1995, Schlichting and Lyberg 1995).

The treatment methods, which prevent the development of splanchnic
hypoperfusion are as important as its early detection. It has been suggested
that the risk for multiple organ failure can be reduced by increasing the systemic
oxygen delivery to supranormal levels using fluid therapy and vasoactive agents
(Heyland et al 1996, Shoemaker et al 1988). One such vasoactive agent,
dobutamine, increases cardiac output and oxygen delivery, but its effect on
regional intestinal circulation has been controversial. In most studies, intestinal
blood flow has increased as a result of dobutamine therapy (Biro et al 1988,

Parviainen et al 1995, Ruokonen et al 1993). However, some studies have
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reported unchanged (Karzai et al 1996, Priebe et al 1995) or even decreased
(Bersten et al 1992, Ferrara et al 1995) intestinal blood flow during dobutamine
treatment. The effects of dobutamine on intestinal blood flow distribution and
on the balance between oxygen delivery and consumption during existing
intestinal hypoperfusion are even less clear and the results have been
contradictory. In postoperative patients and in patients with septic shock,
intramucosal pH, a marker of intestinal hypoperfusion, has been found to
increase, remain unchanged or decrease in response to dobutamine therapy
(Gutierrez et al 1994, Parviainen et al 1995, Silverman and Tuma 1992, Uusaro
et al 1997)

Multiple organ dysfunction is often associated with renal failure. The
development of renal failure can be prevented by fluid treatment and vasoactive
therapy. The renal effects of dobutamine have been studied in normal (Fiser et
al 1988, Olsen et al 1993, Westman and Jarnberg 1986) and in those
pathological conditions known to increase the risk of intestinal hypoperfusion
such as septic shock (Haywood et al 1991, Levy et al 1999, Palsson et al 1997),
heart failure (Baumann et al 1990, Good et al 1992), coronary artery bypass
grafting and cardiopulmonary bypass (Wenstone et al 1991), as well as after
major vascular surgery (Westman and Jarnberg 1987). Dobutamine has
increased (Duke et al 1994, Fiser et al 1988), decreased (Bersten et al 1992,
Haywood et al 1991) or had no influence (Olsen et al 1993) on renal blood flow
and creatinine clearance. Thus, the influence of dobutamine on renal function
has been variable and may result in different effects on the renal vascular bed
which are not revealed by the measurement of systemic indices alone
(Haywood et al 1991).

This study evaluates the development of intestinal hypoperfusion caused by
the graded occlusion of the superior mesenteric artery, and the changes in
systemic and regional hemodynamics and oxygen transport occurring during
progressive intestinal ischemia, as well as the effects of dobutamine and fluid

treatment on experimental intestinal ischemia and renal function.
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2. REVIEW OF THE LITERATURE

2.1. Anatomy , physiology and regulation of intestinal perfusion

The splanchnic organs receive 20 - 30 % of the cardiac output corresponding
to a resting blood flow of 29 - 70 mil/min per 100 g intestine in normal conditions
from the coeliac trunk and the superior and inferior mesenteric arteries (Granger
et al 1980). The portal vein collects all the blood from the splanchnic region and
together with the hepatic arterial blood flow represents the total hepato-
splanchnic blood flow in the hepatic veins (portal venous 80 % / hepatic arterial
20 %). Portal venous and hepatic arterial blood flows interact in to maintain
constant total liver blood flow since a change in one of the vascular systems
leads to an opposite change in the other system (Richardson and Withrington
1981). The splanchnic oxygen consumption at rest is 20 - 35 % of the whole
body oxygen consumption, resulting in a slightly increased splanchnic oxygen
extraction fraction at rest compared to the systemic oxygen extraction (Takala
1996).

The artery to the intestinal villus runs in the core of each villus and at the tip of
the villus branches to form a dense subepithelial capillary network surrounding
the inflow vessel (Granger et al 1980). As blood through these two vascular
systems flows in opposite directions, a countercurrent mechanism allows the
oxygen to escape from the arterial side to the venous side resulting in
decreased oxygen tension at the tip of the villus (Kampp et al 1968, Lundgren
and Haglund 1978a). This countercurrent mechanism, together with the higher
metabolic activity in the cells of the villus tip, means that the tip of the villus is
susceptible to tissue hypoxia (Bohlen 1980, Lundgren and Haglund 1978a).

The blood flow to the intestine is distributed unevenly between the different
layers of the intestinal wall. At rest, mucosa and submucosa receive the
majority - up to 90 % - of blood flow, but this distribution can be disrupted by

changes in total blood flow (Granger et al 1980). The intestinal blood flow is
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regulated by intrinsic and extrinsic mechanisms.

The intrinsic factors include local metabolic and myogenic controls, local
reflexes and vasoactive substances. The metabolic mechanism produces
vasodilation and maintains a constant intestinal blood flow and oxygen delivery
in response to changes in tissue PO, and products of cell metabolism. The
myogenic mechanism responds to an increase in vascular transmural pressure
by arterial vasoconstriction and maintains a constant intestinal capillary
pressure and transcapillary fluid exchange. Intestinal blood flow autoregulation,
defined as the ability to maintain a constant blood flow in respect to a fluctuating
arterial pressure, is weak, but is enhanced by feeding. Both metabolic and
myogenic mechanisms explain the tendency for the intestine to maintain blood
flow and oxygen delivery when the arterial pressure falls. The myogenic
mechanism predicts vasoconstriction if perfusion is sufficient, whereas the
metabolic mechanism favors vasodilation during poor perfusion. The vascular
tone favoring vasodilation is maintained by the interactions between
endothelium -derived vasodilators (e.g. nitric oxide, prostacyclin, adenosine) and
vasoconstrictors (e.g. endothelins) (Reilly and Bulkley 1993, Rodeberg et al
1995). Gastrointestinal hormones (e.g. cholecystokinin, gastrin, glucagon,
secretin and neurotensin) do not influence intestinal blood flow at physiological
concentrations, but are possibly involved in flow regulation during postprandial
hyperemia (Lundgren 1989).

The extrinsic neural regulation of intestinal perfusion is limited to the
sympathetic nervous system, since no parasympathetic vascular control has
been demonstrated in the small intestine (Lundgren 1989). The sympathetic
nervous system increases the vascular tone of arteries and arterioles, less so
the veins, producing vasoconstriction and a reduction in intestinal blood flow
(Takala 1996). Catecholamines are the most important vasoactive substances
influencing the intestinal blood flow. The net effects of circulating
catecholamines on intestinal blood flow depend on the concomitant effects of

the catecholamines on cardiac output (Granger et al 1980), and whether they
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produce alpha-adrenoceptor stimulation resulting in vasoconstriction or beta-
adrenoceptor stimulation resulting in vasodilatation. With respect to the other
circulating mediators, vasopressin and angiotensin Il have been reported to be
intestinal vasoconstrictors, and to be involved in the intestinal vasoconstriction
during hypovolemia (Reilly and Bulkley 1993).

Oxygen delivery and oxygen extraction regulate splanchnic tissue
oxygenation. Oxyden delivery is dependent on the hemoglobin concentration,
hemoglobin oxygen saturation, blood flow and the amount of dissolved oxygen.
Under normal conditions, oxygen consumption is not dependent on oxygen
delivery. However, when metabolic demand increases, splanchnic perfusion
increases in proportion to the increased oxygen consumption (Takala 1996),
this being achieved by increased cardiac output, blood flow redistribution or by
the combination of these two mechanisms (Brundin and Wahren 1991, Granger
et al 1980). If the oxygen extraction is very low, increased extraction may
precede the increase in blood flow. On the contrary, it the splanchnic perfusion
is reduced, oxygen extraction increases, since the splanchnic region has a large
capacity to adapt to reduced oxygen delivery by increasing its oxygen extraction
even up to 86 % in extreme conditions (Rowell et al 1984). However, in
experimental reports the intestine has become hypoxic much earlier, when the
oxygen extraction has reached 70 % (Nelson et al 1988, Winsd et al 1986). As
soon as oxygen delivery decreases beyond a critical point, where the oxygen
extraction is no longer able to compensate for the decreased oxygen delivery,
oxygen consumption becomes oxygen delivery dependent, leading to anaerobic
metabolism and intestinal ischemia (Bulkley et al 1985, Cain 1977, Grum et al
1984, Schwartz et al 1981).
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2.2. Intestinal ischemia

2.2.1. Definition of intestinal ischemia

Intestinal ischemia defines the state of intestinal hypoperfusion, which results
in an inadequate energy supply to maintain cell metabolism and which may lead

to injury, even death of the cell.

2.2.2. Incidence of intestinal ischemia

The annual incidence of acute intestinal ischemia has been reported to be
one per 1000 hospital admissions corresponding to an incidence of 1:100 000 in
the general population (Kairaluoma et al 1977, Ottinger and Austen 1967).
Acute intestinal ischemia is equally distributed between the genders, and it can
take place at any age but most often it is seen in senior patients (Jarvinen et al
1994, Kairaluoma et al 1977), many of whom have other cardiovascular
diseases (Andersson et al 1984, Wilson et al 1987).

2.2.3. Etiology of intestinal ischemia

2.2.3.1. Atherosclerosis

Superior mesenteric artery thrombosis is considered to account for 25 % to 70
% of all cases of acute intestinal ischemia (Jarvinen et al 1994, McKinsey and
Gewertz 1997). A gradual progression of atherosclerotic lesions in the arteries
allows a protective collateral network to develop, whereas a sudden thrombotic
occlusion may cause intestinal infarction. In autopsy and angiographic studies,
the stenosis has been in two or all three mesenteric arteries in 20 % of cases
(Koikkalainen and Kohler 1971) and multiple stenosis has been found in 3 % to
20 % of cases (Bron and Redman 1969, Koikkalainen and Kohler 1971).
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However, hemodynamically significant stenoses of 50 % have been reported
less frequently, ranging from 2 % to16 % (Croft et al 1981). Risk factors for the
development of mesenteric atherosclerosis are increasing age, diabetes and
hypertension (Kwaan and Connolly 1983). In addition to atherosclerosis, other
reasons for mesenteric artery thrombosis and ischemia have been reported,
such as trauma, drugs, hematologic, and endocrine disturbances as well as

vasculopathies (Krupski et al 1997).

2.2.3.2. Mesenteric artery embolus

Mesenteric artery embolus is the cause of about 50 % of the cases of acute
intestinal ischemia (McKinsey and Gewertz 1997). Predisposing factors for an
embolus are left atrial or ventricular mural thrombus, arrhythmias, endocarditis,
as well as a prior history of arterial peripheral embolism. About 15% of emboli
impact at the origin of the SMA, whereas the majority lodge distally 3 to 10 cm
in the tapered segment of the SMA (McKinsey and Gewertz 1997).

2.2.3.3. Mesenteric venous thrombosis

Mesenteric venous thrombosis, which are responsible for about 15 % of acute
intestinal ischemia, can be classified into acute and chronic forms, with the
borderline of the presenting symptoms being 4 weeks (McKinsey and Gewertz
1997). Chronic mesenteric venous thrombosis is frequently an incidental
finding as the patient is often asymptomatic with only vague abdominal pain or
distention. The diagnosis is based on computed tomography and
ultrasonography examinations. Since the collateral venous circulation has
usually matured to drain the affected intestine, the prognosis is better than in
cases of acute mesenteric venous thrombosis (Rhee and Gloviczki 1997).

In addition, mesenteric venous thrombosis can be divided according to its

etiology into primary and secondary forms. Primary mesenteric venous
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thrombosis is spontaneous, idiopathic without any etiologic factors. Secondary
mesenteric venous thrombosis accounts for 81 % of cases and is associated
with a known predisposing condition: previous abdominal surgery,
hypercoagulable state, previous mesenteric venous thrombosis, smoking,
previous deep venous thrombisis, alcohol abuse, malignant tumor, cirrhosis or
use of oral contraceptives. Delay in diagnosis is frequent and causes a high
mortality rate of 13 % to 50 % (Rhee and Gloviczki 1997).

2.2.3.4. Nonocclusive intestinal ischemia

Nonocclusive intestinal ischemia is estimated to be the cause of acute
intestinal ischemia in approximately 25 % of cases (McKinsey and Gewertz
1997). The cause is often multifactorial and it is usually associated with low
cardiac output, hypovolemia, dehydration and vasoconstricting drugs (Hunter
and Guernsey 1988).

In low flow states (e.g. cardiogenic shock and hypovolemia), intestinal blood
flow decreases in order to maintain perfusion to the vital organs, such as the
heart and the central nervous system (Takala 1996). However, once intestinal
vasoconstriction and reduced intestinal blood flow have developed, they may
persist even after the systemic hemodynamics have normalized (Edouard et al
1994). When intestinal blood flow decreases, oxygen extraction increases to
preserve intestinal tissue oxygenation. The degree of the compensation
mechanism and the tolerance of intestinal hypoperfusion are not well defined.
Perioperative hepatic vein oxygen saturation below 30 % during liver resection
has been associated with postoperative liver dysfunction (Kainuma et al 1992).

Severe systemic infection related to a systemic inflammatory response
syndrome increases the metabolic demands of the splanchnic region (Dahn et
al 1987, Gump et al 1970, Ruokonen et al 1993). Even though intestinal blood
flow increases during normal or hyperdynamic hemodynamics, the highly

increased oxygen consumption necessitates high oxygen extraction.
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Endothelial injury resulting in abnormal vascular tone, blood flow
maldistribution, hypovolemia, impaired oxygen delivery caused by acute
respiratory failure associated with sepsis, decreased myocardial pump function,
and increased oxygen consumption in spite of high oxygen delivery, may all
complicate the situation (Antonsson and Haglund 1995, Parker et al 1984).
Thus, during a systemic infection, intestinal hypermetabolism can increase the
risk for an oxygen delivery/consumption mismatch, and even small changes in
blood volume, cardiac output, arterial oxygenation or oxygen consumption in
other tissues may lead to an imbalance between intestinal oxygen delivery and

oxygen consumption and result in intestinal ischemia (Takala 1996).

2.2.4. Pathophysiology of intestinal ischemia

Intestinal ischemia leads to arterial vasoconstriction. The motility of the
intestine decreases in response to sympathetic activity or local vasoregulatory
factors (Patel et al 1992). Shock, intestinal ischemia and related insults rapidly
produce an injury in the intestinal mucosa. The degree of the injury can be
graded from 0 (normal mucosa) to 5 (destruction of the mucosa) (Chiu et al
1970). Experimental data has demonstrated that the grade of the injury
correlates inversely with the intestinal blood flow and directly with the duration
of the ischemia. The tissue injury following reduced oxygen delivery is
characterized by lifting of the epithelial cells at the tips of the villi, and in more
severe grades, the villus core structure becomes injured. During mechanical
occlusion, it takes about 20 min for the light microscopic mucosal changes to
appear (Park et al 1990), though the changes are detectable much earlier with
an electron microscope (Brown et al 1970). Microscopic signs of injury up to
transmural infarction are observed in the deeper layers of the intestinal wall
after 8- 16 h (Haglund et al 1987). Circulatory shock states never induce tissue

injury to deeper mucosal structures than the villus layer (Haglund et al 1975),



26

and it takes 1- 2 h for the injury to become detectable with light microscopic
examination.

Experimental evidence shows that mucosal injury caused by ischemia is
paradoxically exacerbated after reperfusion of the ischemic intestinal segment
(Haglund et al 1975, Parks and Granger 1986, Parks et al 1982). Although the
degree of the preceding ischemic insult influences the severity of the
reperfusion injury, a serious ischemic attack will mask the exacerbation of the
reperfusion injury and make it undetectable (Park et al 1990).

As a consequence of intestinal ischemia, the mucosal barrier becomes
impaired resulting in extravasation of fluid and electrolytes into the intestine
leading to hypovolemia. Gastrointestinal bleeding may occur resulting in a risk
of bacteremia, local infection and sepsis. Later, cardiac failure, pulmonary
insufficiency, septic shock and renal failure can all develop and result in the
multiple organ failure syndrome (Carrico et al 1986). If the hemodynamic
situation is normalized, the superficial mucosal injury confined to the villi can
heal rapidly within 4 h, but the deeper injury takes 18 h to heal (Park and
Haglund 1992).

2.2.5. Intestinal ischemia and renal failure

Acute renal failure is the most common renal complication encountered in the
intensive care unit (Bock 1998) with a poor prognosis since only 25- 54 % of
patients with acute renal failure will leave the hospital alive (Neveu et al 1996).
The causative mechanisms of acute renal failure can be divided into six groups:
hypotension/ischemia, endotoxin, cytokines, oxidant injury, vasoconstriction and
nephrotoxic antibiotics (Bock 1998). With respect to intestinal ischemia,
LaNoue et al. (LaNoue et al 1996) reported that intestinal ischemia and
reperfusion injury in rats was associated with a profound reduction in renal
blood flow which was temporally related to reduced renal tissue ATP levels and

renal tubular dysfunction. Rothenbach et al. (Rothenbach et al 1997) observed
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that the decrease in renal function after SMA ischemia and reperfusion was due
to the presence of toxic oxygen metabolites, such as a decrease in the levels of
vasodilator but an increase in the vasoconstrictor eicosanoids. The contribution
of intestinal ischemia to renal function was further supported by the finding that
both increased intrahepatic portal systemic shunting and hepatocyte impairment
contributed to alterations in renal hemodynamics and function (Javle et al
1998).

2.2.6. Diagnosis of intestinal ischemia

2.2.6.1. Clinical symptoms

Acute intestinal ischemia can present with abdominal pain and hemodynamic
decompensation over a few hours or insidiously with symptom progression over
days, leading to considerable variation in the symptoms. Typical symptoms
consist of abdominal pain, nausea, vomiting, changes in bowel habits,
abdominal distention, occult blood in stools and shock (McKinsey and Gewertz
1997). Tenderness, rebound tenderness and muscle guarding suggest the
progressive loss of intestinal viability and transmural gangrene (Kaleya and
Boley 1995). Abdominal pain out of proportion to the physical findings is a
cardinal symptom in patients with acute intestinal ischemia and is commonly
manifested after embolic or thrombotic SMA occlusion. There are some
variations in the progress of symptoms in the different forms of acute intestinal
ischemia. In the case of a mesenteric embolus, the pain starts abruptly,
whereas mesenteric artery thrombosis is often associated with a more insidious
onset of the pain. In nonocclusive intestinal ischemia, the symptoms start
slowly but progress in severity, whereas in mesenteric venous thrombosis the

pain is usually not as severe as in arterial disease.
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2.2.6.2. Laboratory findings

Leukocytosis, an increase in hemoglobin/hematocrit consistent with
hemoconcentration and blood in the peritoneal fluid with an elevated amylase
content suggest advanced intestinal necrosis and sepsis (Andersson et al 1984,
Jarvinen et al 1994, Kairaluoma et al 1977, Kaleya and Boley 1995, McKinsey
and Gewertz 1997). In some patients, amylase, lactic dehydrogenase, creatine
phosphokinase, phosphate or alkaline phosphatase may be elevated and
metabolic acidosis is common (McKinsey and Gewertz 1997). However, the
sensitivity and specificity of these variables in the diagnosis of intestinal

ischemia remains low.

2.2.6.3. Blood lactate

The blood lactate level depends on the balance between lactate production
and lactate uptake by different organs. Generalized tissue hypoperfusion such
as cardiogenic, hypovolemic and septic shock as well as regional hypoperfusion
may cause lactic acidosis. As the intestine is capable of producing large
quantities of lactic acid, severe lactic acidosis may be the predominant indicator
of intestinal ischemia. In experimental studies, the blood lactate level has been
a good marker of intestinal ischemia, although a normal blood lactate
concentration does not exclude intestinal ischemia (Jonas et al 1996, Nutz et al
1987). The sensitivity and specificity of blood lactate as a marker of intestinal
ischemia have been reported to be 100 % and 42 %, respectively (Lange and
Jackel 1994), and increased plasma lactate concentration together with a
suspicion of intestinal ischemia can be interpreted as an indicator for an
emergency operation. In the assessments of the postoperative course,
increased lactate concentration during the first two postoperative hours has
been found to be a significant predictor of postoperative complications (Marnitz
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etal 1994). In another study, severe lactatemia proved to be a predictor of
death in critically ill patients (Bakker et al 1991).

The difference between peritoneal and plasma lactic acid values has been
used in those patients in whom the diagnosis of acute abdomen is not otherwise
obvious (DelLaurier et al 1994). Blood D-lactate concentration, a product of
bacterial metabolism, was reported to be elevated in a rat model of intestinal
ischemia, and has also been observed in clinical studies in cases of acute
intestinal ischemia (Murray et al 1994). A new method with the potential for
having clinical applications in the detection of intestinal hyperlactatemia is gut

luminal microdialysis (Tenhunen et al 1999).

There are conflicting opinions, e.g. neither determination of the plasma lactate
concentration nor the results of the separate standard laboratory tests in
patients with acute abdominal insult resulted in a better sensitivity for the
determination of an indication for acute surgery than clinical examination
combined with standard laboratory tests and radiology (Vahl et al 1998).

2.2.6.4. Systemic and regional pCO; and O,

Mixed venous hypercarbia and increased systemic venous-arterial PCO-
gradient have been reported to be markers of systemic hypoperfusion during
hemaorrhagic shock, cardiogenic shock, septic shock as well as after
cardiopulmonary resuscitation (Bakker et al 1992, Benjamin et al 1987,
Groeneveld et al 1991, Mathias et al 1988, Van der Linden et al 1995, Weil et
al 1986, Zhang and Vincent 1993). Changes in the cardiac output have been
found to reflect changes in PCO; (Bowles et al 1992, Mathias et al 1988), and
based on these results, it has been suggested that systemic mixed venous-
arterial PCO, gradient might be useful for detecting oxygen supply/demand
mismatch during systemic hypoperfusion (Bowles et al 1992).
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2.2.6.5. Oxygen delivery/oxygen consumption

SvO; or PvO; have been used to monitor the balance between oxygen
delivery and oxygen consumption. Although PvO; is more sensitive than SvO»
in the detection of changes in cardiac output and mixed venous oxygen
content, the possibility to use the fiberoptic pulmonary artery oximeter catheter
to measure SvO; has increased the use of SvO, (Waller et al 1982). SvO, is
widely used to evaluate systemic perfusion even though it is subject to a wide
range of limitations : poor correlation with changes in cardiac output (Magilligan
et al 1987, Vaughn and Puri 1988), poor predictive value of SvO; in low flow
states (Schlichtig et al 1986), and poor correlation with the development of

lactic acidosis (Astiz et al 1988).

2.2.6.6. Radiological, radionuclide and endoscopic methods

Clinically available radiological examinations can be used in the macroscopic
diagnosis of the splanchnic vasculature, but they are not able to reveal
intestinal mucosal hypoperfusion. Plain abdominal radiographs are useful in
excluding other possible causes of abdominal pain such as perforation and
obstruction (Andersson et al 1984, McKinsey and Gewertz 1997). Even
though duplex doppler ultrasound can be used to measure blood flow in the
inital portions of the mesenteric arteries as a screening study before
angiography, the wide range of normal blood flow limits as well as the
associated ileus make ultrasound scanning unreliable (Dalton et al 1995,
McKinsey and Gewertz 1997, Nicoloff et al 1997). Computed tomography has
been used in the diagnosis of mesenteric venous thrombosis with good results
(Smerud et al 1990, Vogelzang et al 1988). Esophagogastroscopy is not
helpful, whereas sigmoidoscopy and colonoscopy can detect ischemic colitis.
However, insufflation during the procedure may worsen intestinal ischemia,

and the ischemic intestinal wall is susceptible to perforation (Laustsen et al
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1990). Radionuclides have been used in experimental studies though these
have still not led to any clinical applications (Oster et al 1989). Magnetic
resonance angiography imaging has been claimed to hold potential in
detecting intestinal ischemia (Ernst et al 2000, Ha et al 2000). Angiography
has remained the most reliable radiological method in the diagnosis of
intestinal ischemia and in the attempts to achieve a good revascularization.

2.2.6.7. Laparotomy and laparoscopy

The diagnosis of intestinal ischemia during laparotomy is usually apparent by
clinical findings; the colour and peristaltis of the intestine and mesenteric artery
pulsation. In addition, doppler flowmetry, fluorescence with ultraviolet light,
visceral surface oximetry and measurement of intramucosal pH have been used
to evaluate the viability of the intestine (Bastien et al 1999, Bulkley et al 1981,
Kuttila et al 1994, Locke et al 1984). Laparoscopy can be used in the diagnosis
of intestinal ischemia in patients not suitable for laparotomy. Even though only
the serosal surface of the intestinal wall can be seen, and the increase in intra-
abdominal pressure during the procedure may further decrease intestinal blood
flow (Knolmayer et al 1998), laparoscopy does provide the possibility to perform
perioperative ultrasound (Roayaie et al 2000). Spectrophotometry provides an
index of mucosal hemoglobin concentration and an index of oxygen saturation
of hemoglobin based on spectral analysis of light reflected from the mucosal
surface (Leung et al 1987), and oxygen electrodes have also been used to
measure visceral PO, (Antonsson et al 1990). Hepatic vein catheterization
allows the measurement of hepatic venous oxygen saturation, lactate
concentrations and splanchnic blood flow (Uusaro et al 1995). However, many
of these methods are experimental and invasive as well as susceptible to
artefacts caused by breathing movements, intestinal peristaltis and poor
contact.
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2.2.6.8. Gastrointestinal tonometry

Gastrointestinal tonometry was originally founded on the principal that tissue
PCO, and PO, can be estimated by sampling the saline instilled in the urinary
bladder after it has reached equilibrium with the surrounding tissue (Bergofsky
1964). This principle was applied to the intestinal lumen (Dawson et al 1965)
and a tonometric technique was adopted for assessing intestinal luminal PCO,
and for the calculation of pH (Fiddian-Green et al 1982). Gastrointestinal
tonometry is a gas-impermeable tube connected distally with a gas-permeable
silicone balloon which can be placed in the stomach and/or in the sigmoid
colon. The tonometer balloon is filled with saline, and the CO; equilibrates
between the intestinal wall, intestinal lumen and the saline in the balloon. Full
equilibrium takes about 90 minutes, but by using a time dependent correction
factor, PCO; can be estimated after a shorter time period. Mucosal bicarbonate
is assumed to be equal to arterial bicarbonate, which is measured. The pH is

calculated from a modified Henderson-Hasselbach equation: pH = 6.1 + log
([HCO371/(pCO2 x k), where k is the time-dependent correction factor (Fiddian-
Green et al 1983).

The gastrointestinal tonometry has been validated by measuring directly
gastric pH by microelectrodes during endotoxemia and intestinal hypoperfusion
(Antonsson et al 1990). In this latter condition it underestimated the decrease in
pH in low flow states but in cases of endotoxemia it was more reliable. In
addition, the tonometric method has been suggested to be a good marker of the
adequacy of tissue oxygenation because it correlates well with oxygen
consumption when oxygen delivery has decreased below the critical point and
oxygen consumption becomes dependent on oxygen delivery (Grum et al
1984). The tonometric measurements in the different parts of the
gastrointestinal tract have correlated with reduced intestinal blood flow

(Montgomery et al 1989), although small bowel tonometry was reported to be
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more accurate than gastric tonometry in detecting intestinal hypoperfusion
during hemorrhagic shock (Walley et al 1998).

The clinical use of tonometry has revealed several technical and physiological
problems. The reflux of bicarbonate back from the duodenum into the stomach
produces CO; resulting in erroneously low pH values. To avoid this error,
antihistamine H; — blockers have been recommended to prevent CO, formation
(Bams et al 1998). However, in some reports ranitidine has not influenced pH
measurements or the reproducibility of the measurements in critically ill
patients and in healthy volunteers (Calvet et al 1998, Parviainen et al 1996).

Enteral feeding decreases gastric pH by stimulating the secretion of hydrogen
ions, which are buffered then generating CO,. It has been suggested that the
feeding should be temporarily discontinued for at least one hour before the
measurement of gastric pH (Marik and Lorenzana 1996). In addition, sampling
technique, delay in the analysis of the sample and the problem of the analysis
of the samples being performed with different blood gas analyzers all contribute
to the errors in pH measurements (Takala et al 1994, Wood and Lawler 1996).
Phosphate bicarbonate buffer and succinylated gelatin have been found to be
more accurate than saline as the tonometric fluid but their equilibration is too
slow for clinical application (Kolkman et al 1997). A new air filled tonometry
seems to avoid these errors and because it is easy to automate, it offers
advantages over the traditional saline tonometry (Heinonen et al 1997)

Systemic alkalosis and acidosis may also influence the intramucosal pH
calculations. Thus, it is recommended that one should measure the difference
between arterial and intramucosal pH and PCO, values. During metabolic
acidosis, only a high pH difference is evidence of hypoperfusion. With
mathematical simulations, it has been shown that the PCO, difference offers the
same information as the pH difference (Schlichtig et al 1996). Since
intramucosal PCO, and arterial PCO, are measurable variables, the source of
the error is less than that inherent in the calculation of pH values. In addition,

when the PCO; difference is used, there is no need for the assumption that the
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arterial bicarbonate equals the intramucosal bicarbonate. However, the PCO,
difference as an indicator of intestinal hypoperfusion during systemic
hypocapnia may not be totally reliable, because low systemic PCO; leads only
to a small PCO, difference even in cases of severe ischemic insults (Guzman
and Kruse 1999).

The reports from the relationship between gastric pH and other variables
assessing tissue hypoperfusion are controversial. In cardiac surgical patients,
pH has correlated with the hepatic venous lactate concentration, oxygen tension
and pH (Landow et al 1991). In one study, gastric pH correlated with base
deficits in intensive care patients (Boyd et al 1993), but in another set of
critically ill patients, no relationship between gastric pH and systemic lactate or
oxygen delivery values was found (Friedman et al 1995). Low pH values have
been related to morbidity and mortality in critically ill patients, and in patients
after cardiac surgery and major trauma (Doglio et al 1991, Fiddian-Green and
Baker 1987, Gutierrez et al 1992a, Marik 1993, Roumen et al 1994).

2.2.7. Assessment of renal function

Inulin is a unique example of a substance that is cleared solely by glomerular
filtration. Inulin clearance is determined by measuring the concentration of
inulin in urine and plasma samples obtained during intravenous inulin infusion.
Although inulin clearance is the most precise measurement of glomerular
filtration rate, it is cumbersome and necessitates specific laboratory expertise
and is not used in the routine assessment of the glomerular filtration rate (Levey
et al 1991). More often the glomerular filtration rate is measured by levels of
endogenous compounds (e.g. creatinine) which is generated by a nonenzymatic
conversion from creatine and phosphocreatine present in the muscle.
Creatinine is a small molecule, which is freely filtered by the glomerulus and is
not metabolized by the kidney even though it is secreted by the proximal tubule.

Creatinine clearance therefore reflects glomerular filtration as well as tubular
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secretion, and therefore it exceeds the glomerular filtration rate. There is a
great variability in the levels of serum creatinine due to methodological

problems and individual variation (Blumenfeld and Vaughan 1998).

2.3. Intestinal ischemia and multiple organ failure

Multiple organ failure remains the leading cause of delayed mortality in
surgical intensive care units; as up to 61 % of late deaths in a trauma center
have been reported to be attributable to multiple organ failure. The mortality of
multiple organ failure ranges from 40 % to 100 % and is related to the number
and duration of organ failures (Biffl and Moore 1996). In the early reports,
infection was considered to be the etiological factor of multiple organ failure
(Polk and Shields 1977). However, later it was found that infection was related
to multiple organ failure in only 50 % of cases, and the term "systemic
inflammatory response syndrome” (SIRS) was introduced referring to an
inflammatory response to infectious or nor-infectious processes (Biffl and
Moore 1996). The observation that the infection was not the only cause of
multiple organ failure, was followed by research to find other etiological factors.
In the “two-hit” model, the initial insult was thought to prime the inflammatory
system in such a way that the response of the system to a second insult
became exaggerated (Biffl and Moore 1996). One of these “two-hit” theories is
the "gut theory” with bacterial translocation according to which the
hypoperfusion of gut is the initial insult and "motor of multiple organ failure”,
after which a number of other clinical conditions (e.g. infection, inadequate
tissue perfusion, inflammation, dead or injured tissue) may act as the second
insult and lead to multiple organ failure (Meakins and Marshall 1986). This is
supported by the findings that in low-flow states such as hemorrhagic shock,
intestinal blood flow can decrease out of proportion to the decrease in cardiac
output and is the last parameter to recover after resuscitation (Bailey et al

1987a, Edouard et al 1994). Low gastric intramucosal pH value has been found



36

to predict morbidity and mortality in critically ill patients, and in patients after
cardiac surgery and major trauma (Doglio et al 1991, Fiddian-Green and Baker
1987, Gutierrez et al 1992a, Marik 1993, Roumen et al 1994). The basic
mechanism may be that the intestinal mucosal injury and increased permeability
promote the translocation of luminal bacteria and endotoxin into the systemic
circulation, where they can activate macrophages, circulating neutrophils and
humoral plasma mediators (Deitch et al 1988, Deitch 1992, Sullivan et al 1991).
However, there are also reports, where no translocation of bacteria has been
verified thus leaving the clinical relevance of intestinal hypoperfusion
unresolved (Lemaire et al 1997, Morales et al 1992, Peitzman et al 1991). The
pathophysiology of multiple organ failure remains very complicated. After the
inflammatory process is initiated, large numbers of endogenously produced
mediators of inflammation (arachidonic acid metabolites, cytokines,
complement, nitric oxide, vasoactive peptides), activated blood cells
(macrophages, neutrophils), free radicals, and exogenous bacterial toxins all
interact. The products of these activated cascades may impair the intestinal
microcirculation and oxygenation, further impairing the intestinal hypoperfusion

and intestinal permeability.

2.4. Treatment of intestinal and renal hypoperfusion

2.4.1. Fluid therapy

Ischemia-reperfusion, endotoxic shock, hemorrhagic shock, pancreatitis and
cardiopulmonary resuscitation decrease intestinal blood flow and impair tissue
oxygenation (Juvonen et al 1999, Miller et al 1998, O'Neill et al 1994, Oi et al
2000, Scannell et al 1992). Aggressive fluid therapy after ischemia-reperfusion
as well as fluid resuscitation and moderate hemaodilution in trauma patients with
hydroxyethylstarch have improved survival and increased intestinal perfusion
(Kleen et al 1997, Miller et al 1998,0'Neill et al 1993, O'Neill et al 1994). The
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greater hemodilution may be detrimental to tissue oxygenation as Noldge et al.
(Noldge et al 1991) reported that although intestinal flow did increase secondary
to the severe hemodilution, portal and hepatic venous pH as well as surface
PO, of liver and intestine decreased. They concluded that increased flow and
oxygen extraction could not compensate for the decrease in oxygen delivery
resulting from the hemaodilution. In septic patients, hypertonic saline with
dextran, Ringer’s lactate and hetastarch have increased tissue oxygenation
(Baum et al 1990, Boldt et al 1996a, Horton and Walker 1991, Oi et al 2000)
whereas human albumin did not have this effect (Boldt et al 1996b). The
decrease in portal blood flow during pancreatitis could be prevented by a
combination of Ringer’s lactate and hetastarch (Juvonen et al Takala 1999).
After hemorrhagic shock, hypertonic saline, hetastarch and dextran were found
to be better than Ringer’s lactate in increasing intestinal and renal blood flow
(Diebel et al. 1993;Makisalo et al. 1989;Maningas 1987;Prough et al. 1991).
However, there are some reports indicating that Ringer’s lactate was not able to
maintain intestinal blood flow at all (Diebel et al 1993, Maningas 1987, Scannell
etal 1992, Smail et al 1998). These result show that adequate volume

restoration is important in guaranteeing correct intestinal perfusion.

2.4.2. Vasoactive drugs

The effects of vasoactive drugs on the different receptors and regional blood

flows are summarized in Tables | and Il (Meier-Hellmann and Reinhart 1995).
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Table 1. Effects of the different catecholamines on the adrenergic and
dopaminergic (DA) receptors

Catecholamine alpha1l alpha2 betal beta2 DA1 DA2
Dobutamine ++ 0 S+ 4+ 0 0
Epinephrine +++ +++ ++ +++ 0 0
Norepinephrine  +++ +++ ++ + 0 0
Dopamine

0-3upgkg/min 0 + 0 0 +H+ ++

2-10 ug/kg/min + + ++ + -+ ++

> 10 ug/kg/min - ++ ++ ++ + + +
Dopexamine 0 0 + +++ ++ +

( Meier-Hellmann and Reinhart 1995)

Table 2. Effects of different catecholamines on regional blood flow

Catecholamine Kidney Brain  Heart Splanchnic Muscle Skin

Dobutamine + + + + ++ +
Epinephrine -+ + + -1+ +/0 -
Norepinephrine -/+ + + -+ -/0 0
Dopamine
0 -3 ug/kg/min  +++ + 0 +++ 0 0
2-10 pg/kg/min ++/+ + + +H/+ 0 0
> 10 ug/kg/min -/ + + + -+ - -
Dopexamine +++ + + +++ + +

( Meier-Hellmann and Reinhart 1995)

Vasoactive drugs are known to increase cardiac contractility and cardiac
output, and to improve tissue perfusion, if optimization of preload with adequate
volume resuscitation is not sufficient to restore hemodynamic stability, sufficient
oxygen delivery and tissue perfusion. The hyperdynamic circulation and
increased oxygen delivery achieved by the use of the vasoactive drugs have
been claimed to reduce mortality in critically ill patients (Boyd et al 1993,
Heyland et al 1996, Shoemaker et al 1988).



39

2.4.2.1. Dopamine

Dopamine is a catecholamine which can activate alpha, beta and
dopaminergic receptors, which can be divided into presynaptic and postsynaptic
receptors (Goldberg 1972, Meier-Hellmann and Reinhart 1995). The effect of
dopamine is dose dependent. At low doses (< 3ug/kg/min), stimulation of
dopaminergic and beta-adrenergic receptors may increase blood flow in the
splanchnic and renal regions. However, as the dose is increased, these effects
are masked by alpha-adrenergic receptor stimulation resulting in
vasoconstriction (Silva et al 1998) and the use of higher dosages of dopamine
to increase arterial pressure may have a deleterious influence on the clearly
disturbed microcirculation.

In an experimental ischemic model, dopamine did not influence tonometric
PCO- after supracoeliac aortic cross-clamping and declamping (Studer and Wu
2000). Sakio et al. (Sakio et al 1994) showed that during partial SMA occlusion
(70 %) intravenous dopamine increased SMA flow but further decreased
intramucosal pH suggesting that dopamine could evoke constriction of the
intestinal mucosal arterioles. Similar results were obtained by Segal et al.
(Segal et al 1992) during hemorrhagic shock as in their study dopamine
hastened the onset of intestinal ischemia relative to onset of the whole body
ischemia. In contrast, Nordin et al. (Nordin et al 1994) reported that dopamine
together with volume resuscitation did improve tissue oxygenation. During
endotoxin shock and sepsis, dopamine did not induce a redistribution of
systemic blood flow to the splanchnic region, which was observed in the non
septic part of the study (Bersten et al 1992, Breslow et al 1987). Dopamine has
increased renal blood flow and produced renal vasodilatation in healthy animals
as well as during hemorrhagic shock (Bersten and Rutten 1995, Gordon et al
1995, Hamed et al 1983, Robie and Goldberg 1975). During sepsis, dopamine
has improved renal hemodynamics (Fink et al 1985), but there are also studies

where this effect has not been detected (Bersten and Rutten 1995, Breslow et
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al 1987). The ability of dopamine to produce renal vasodilatation becomes
attenuated with time due to tachyphylaxis (Gordon et al 1995, MacCannell et al
1983).

In septic patients, while dopamine did increase intestinal blood flow and
improved oxygen delivery, it simultaneously also increased oxygen
consumption causing a deleterious effect on intestinal oxygenation (Meier-
Hellmann et al 1997a, Ruokonen et al 1993) and studies where it even
decreased gastric mucosal blood flow without influencing intramucosal pH
(Neviere et al 1996, Olson et al 1996). In patients with heart failure or
gastrointestinal acidosis, dopamine did not influence intestinal blood flow (Leier
1988, Maynard et al 1995). Thoren et al. (Thoren et al 2000) reported that in
cardiac surgical patients, dopamine increased jejunal mucosal perfusion and
decreased splanchnic oxygen extraction, whereas in patients with coronary
artery bypass grafting and abdominal aortic aneurysm, intramucosal pH
remained unchanged or even decreased (Gardeback and Settergren 1995,
Maynard et al 1995). In healthy humans, dopamine has increased renal blood
flow, decreased renal vascular resistance, increased effective renal plasma flow
and sodium excretion, decreased the absolute proximal reabsorption rate and
did not influence the glomerular filtration rate (Christiansen et al 1988,
Mousdale et al 1988, Olsen et al Leyssac 1993, Olsen 1998, Stephan et al
1990). In septic patients, dopamine has increased fractional renal blood flow,
decreased renal oxygen extraction, increased diuresis and sodium excretion but
not influenced creatinine clearance (Day et al 2000, Juste et al 1998, Lherm et
al 1996, Olson et al 1996). As Lherm et al. (Lherm et al 1996) reported
increased diuresis and creatinine clearance with dopamine, they also found that
the renal response to dopamine decreased significantly after a 48 h dopamine
infusion, suggesting that the stimulation of dopaminergic receptors causes
evoked renal sodium excretion (Kulka and Tryba 1993) and that the diuretic
effect of low-dose dopamine was mediated by the proximal tubular inhibition of

sodium reabsorption not by increased renal blood flow. Since this is not
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associated with any increased creatinine clearance, it may be injurious to the
malfunctioning kidney by augmenting the medullary workload, thereby

aggravating medullary ischemia (Bellomo et al 1998).

2.4.2.2. Dopexamine

Dopexamine hydrochloride is a synthetic catecholamine with dopaminergic
and beta,-adrenergic receptor agonist activity but which does not activate
alpha-adrenergic receptors (Silva et al 1998). It can cause an improvement in
tissue perfusion in the renal, splanchnic, coronary, pulmonary and skeletal
muscle vascular beds (Kulka and Tryba 1993).

In experimental studies, dopexamine has been reported to increase intestinal
blood flow and to decrease vascular resistance (Bastien et al 1999, Madorin et
al 1999, van Kesteren et al 1993), to improve tissue oxygenation (Schmidt et al
1996), to protect hepatic ultrastructure and mitochondrial integrity (Tighe et al
1993, Webb et al 1991), and to decrease leucocyte adherence and vascular
permeability (Schmidt et al 1998) as well as preventing hypoxia and the positive
end-expiratory pressure induced changes in intestinal blood flow (Aliabadi-
Wabhle et al 1999, Steinberg et al 1996, Thomas et al 1997). The influence is
equally distributed to the various organs during sepsis (Cain and Curtis 1991,
van Lambalgen et al 1993). In conflicting reports, it was claimed that
dopexamine did not influence intestinal blood flow or tissue oxygenation
(Sautner et al 1998, Stamler et al 1998, Studer and Wu 2000). Dopexamine
has increased renal blood flow, glomerular filtration rate, urine volume and
sodium excretion (Chintala et al 1990, Kirchhoff et al 1999, van Kesteren et al
1993) due to tubular dopaminergic-receptor stimulation and strong beta-
adrenergic mediated vasodilatatory effects both being receptors which increase
sodium excretion, creatinine clearance, glomerular filtration rate and urine
output (Baumann et al 1990, Gray et al 1991, Stephan et al 1990). There are

also studies, in which it has not had any influence on renal hemodynamics,
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renal blood flow, glomerular filtration rate or urine volume (Kirchhoff et al 1999,
van Kesteren et al 1993)

In clinical studies, dopexamine has been shown to increase intestinal blood
flow (Maynard et al 1995, Meier-Hellmann et al 1999, Uusaro et al 2000) and
mucosal perfusion (Booker and Pozzi 2000, Kaisers et al 1996, Maynard et al
1995, Sinclair et al 1997, Thoren et al 2000) based on selective vasodilatation
and increases in cardiac output (Maynard et al 1995, Sharpe et al 1999). In
septic patients, although the splanchnic blood flow increased, the fractional
splanchnic flow decreased (Kiefer et al 2000) or increased proportionally to
cardiac output (Meier-Hellmann et al 1999). Dopexamine had no influence on
mucosal perfusion in septic, cardiac and abdominal surgery patients
(Gardeback and Settergren 1995, Piper et al 2000, Temmesfeld-Wollbruck et al
1998) and in some studies dopexamine decreased mucosal perfusion in cardiac
patients (Gardeback et al 1995, Uusaro et al 2000). Dopexamine has
increased renal blood flow, the glomerular filtration rate, diuresis, the creatinine
clearance rate and the fractional excretion of sodium (Atallah et al 1992,
Baumann et al 1990, Blunt et al 1999, Stephan et al 1990). It has also
protected kidney during aortic reconstruction and liver transplantation (Gray et
al 1991, Welch et al 1995). On the other hand, dopexamine did not improve the
fractional renal blood flow in patients undergoing coronary artery bypass
grafting or in children (Habre et al 1996, Stephan et al 1990), and it did not
increase renal blood flow and it has been reported to even increase renal
vascular resistance and decrease diuresis in patients with chronic heart failure
or undergoing coronary arterey bypass grafting (Jamison et al 1989, Sherry et
al 1997).

2.4.2.3. Dobutamine

Dobutamine is a synthetic catecholamine with predominantly positive inotropic

effects resulting from betas-adrenoceptor stimulation. It has weak betas-
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agonistic and alpha-adrenergic activity but no dopaminergic receptor effects
(Kulka and Tryba 1993, Meier-Hellmann and Reinhart 1995, Silva et al 1998).
Dobutamine increases cardiac output and reduces total vascular resistance
(Kulka and Tryba 1993), but it is not clear whether dobutamine influences
selectively intestinal or renal perfusion (Meier-Hellmann and Reinhart 1995) or
whether the effects of dobutamine on these vascular beds depend on its ability
to increase cardiac output (Bellomo et al 1998).

In experimental studies dobutamine has increased intestinal blood flow and
tissue oxygenation (Neviere et al 1996, Neviere et al 1997, Schneider et al
1991) without influencing the distribution of cardiac output into the various
organs (Schneider et al 1991). Bersten et al (Bersten et al 1992) reported that
even though in the nonseptic part of their study, the infusion of dobutamine
was accompanied by a redistribution of systemic blood flow favouring the heart
and away from the brain, kidney, small intestine, liver, and pancreas, in the
septic part of the study this was not observed. In conflicting reports,
dobutamine has not influenced intestinal blood flow or tissue oxygenation (Azar
et al 1996, Germann et al 1997, Nordin et al 1996, Priebe et al 1995) or has
even decreased intestinal blood flow (Ferrara et al 1995) as well as caused
marked hepatocellular destruction (Webb et al 1991). In most clinical studies,
dobutamine does seem to increase intestinal blood flow and tissue perfusion
(Levy et al 1997b, Levy et al 19974, Levy et al 1999, Neviere et al 1996,
Parviainen et al 1995) without favoring any organ in the blood flow distribution
(Parviainen et al 1995, van Lambalgen et al 1993). There are some reports
indicating that dobutamine does not influence blood flow (Karzai et al 1996,
Leier et al 1978) or tissue oxygenation or it may even decrease these
parameters (Parviainen et al 1995, Silverman and Tuma 1992, Uusaro et al
1997). In pancreatitis patients, dobutamine was reported to have inconsistent
influence on intestinal blood flow (Ruokonen et al 1997).

The renal effects of dobutamine have been reported in experimental and

clinical studies in healthy subjects (Fiser et al 1988, Olsen et al 1993,
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Vainionpaa et al 1983, Westman and Jarnberg 1986) as well as during
pathological conditions known to increase the risk of intestinal hypoperfusion
such as septic shock (Bersten et al 1992, Haywood et al 1991, Levy et al 1999,
Palsson et al 1997), heart failure (Good et al 1992, Leier et al 1978, Leier
1988), coronary artery bypass grafting and cardiopulmonary bypass
(MacGregor et al 1994, Wenstone et al 1991) and after major vascular surgery
and in critically ill patients (Duke et al 1994, Westman and Jarnberg 1987). So
that there are studies in which dobutamine has increased (Duke et al 1994,
Fiser et al 1988, Good et al 1992, Leier et al 1978, Leier 1988, MacGregor et al
1994, Vainionpaa et al 1983, Good et al 1992), decreased (Bersten et al 1992,
Haywood et al 1991, Westman and Jarnberg 1986) or had no influence (Leier
1988, Levy et al 1999, Olsen et al 1993, Westman and Jarmberg 1986,
Westman and Jarnberg 1987) on renal blood flow or function. Based of these
results, one must conclude that the influence of dobutamine on renal function is
variable and may result in different effects on the renal vascular bed which are
not revealed by the measurement of systemic indices alone (Haywood et al
1991).

2.4.2.4. Norepinephrine

Norepinephrine is the naturally occurring neurotransmitter in most
postganglionic sympathetic neurons and it is also synthesized in the adrenal
gland. When given exogenously, the pharmacodynamic effects of
norepinephrine vary in a dose-dependent manner. At low doses < 2 pug/min, it
is a betas-agonist, increasing myocardial inotropy and heart rate. If the dose
exceeds 4 pg/min, the alpha-adrenergic action of norepinephrine becomes
predominant, resulting in elevated peripheral resistance (Kulka and Tryba
1993). Due to this predominant alpha-adrenergic receptor influence, it is
commonly used in the treatment of septic shock to restore arterial pressure
(Silva et al 1998).
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In most experimental and clinical studies norepinephrine alone or together
with dobutamine has increased intestinal blood flow and tissue oxygenation
(Duranteau et al 1999, Marik and Mohedin 1994, Ruokonen et al 1993).
However, in some reports even though it has increased oxygen delivery it has
not influenced (Creteur et al 1999, Meier-Hellmann et al 1996) or has even
compromized tissue oxygenation (Hayes et al 1998, Sautner et al 1998). While
norepinephrine may increase splanchnic blood flow, its influence does not tend
to be uniform (Ruokonen et al 1993). In a non-septic study, it decreased the
fractional splanchnic blood flow (Bersten et al 1992), whereas during sepsis it
has not influenced the distribution of blood flow (Bersten et al 1992, Breslow et
al 1987, Schneider et al 1991).

There is no consensus on the renal influences of norepinephrine. Bellomo et
al. (Bellomo et al 1999) concluded that unlike the effects of norepinephrine
during baseline conditions, norepinephrine infusion during endotoxic shock
actually increased renal blood flow and that this effect was not the result of an
increase in perfusion pressure alone. Marin et al. (Marin et al 1990) reported
that normalization of systemic hemodynamics with norepinephrine was followed
by re-establishment of urine flow, decrease in serum creatinine and an increase
in creatinine clearance, suggesting that norepinephrine infusion does not
worsen renal ischemia related to hemodynamic disturbances in septic shock
patients, and may have beneficial effects on renal function even though the
increase in renal function may be secondary to the improved hemodynamics.
Buckley et al. (Buckley et al 1979) reported that norepinephrine restored renal
flow only in older pigs who possessed an active alpha-adrenergic
vasoconstrictor mechanism but did not have a beta-adrenergic vasodilator
mechanism in their renal circulation at birth. In septic shock patients,
norepinephrine increased diuresis, creatinine, and osmolar clearance and
decreased free water clearance which led the authors to conclude that
norpinephrine could be used in the treatment of human septic shock without

evoking deleterious renal effects (Desjars et al 1989). Norepinephrine was
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found to be effective and reliable at reversing the abnormalities of
hyperdynamic septic shock. In the great majority of the study patients,
norepinephrine was able to increase mean perfusion pressure without causing
any apparent adverse effects on peripheral blood flow or on renal blood flow
(Martin et al 1993). In healthy male volunteers and in sedated sheep,
norepinephrine infusion did decrease renal blood flow (Richer et al 1996,
Schiffer et al 1995).

2.4.2.5. Epinephrine

Epinephrine at low doses acts predominantly on peripheral beta-and betao-
adrenergic receptors whereas at higher doses it has alpha+-adrenergic receptor
mediated vasoconstrictor effects (Silva et al 1998).

In experimental studies, low epinephrine dose did not influence SMA flow
whereas a dose exceeding 3.2 ug/kg/min of epinephrine during normo- and
hypovolemia decreased SMA blood flow and increased SMA vascular
resistance (Bigam et al 1998). Giraud et al. (Giraud and MacCannell 1984)
reported that epinephrine infused into the canine SMA increased SMA blood
flow but decreased mucosal flow. In concordance, epinephrine has been found
to decrease SMA flow and tissue oxygenation and damage the mucosa of the
ileum and colon (Hayes et al 1998, Pawlik et al 1975, Sautner et al 1998).
Voelckel et al. (Voelckel et al 2000) did reporte that epinephrine had a better
influence on SMA blood flow than vasopressin during cardiopulmonary
resuscitation. The clinical reports do not show a consensus. In a group of
septic patients epinephrine increased gastric mucosal perfusion as detected by
laser Doppler flowmetry (Duranteau et al 1999) whereas in other studies it
decreased splanchnic blood flow and intramucosal pH (Levy et al 1997a, Meier-
Hellmann et al 1997b).

Epinephrine did not influence (Bersten and Rutten 1995) or decrease renal

blood flow (Bersten and Rutten 1995, Bigam et al 1998) as well as decreasing



47

the renal blood flow cardiac output ratio (Day et al 2000). At the same time it
has been claimed to increase the renal vascular resistance (Bigam et al
1998;Day, Phu et al 2000). Since it does not appear to influence creatinine
clearance or urine output, it has been suggested that epinephrine does not

produce either a beneficial or a deleterious effect on renal oxygen metabolism
or function (Day et al 2000).
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3. AIMS OF THE STUDY

The aim of this thesis was to evaluate systemic and regional effects of the
progressive intestinal ischemia caused by graded occlusion of the superior
mesenteric artery with special emphasis on:

1. determining the level of reduction of superior mesenteric artery flow that
causes intestinal ischemia (1)

2. investigating whether assessment of systemic hemodynamics and oxygen
transport can be used in detecting the development of intestinal

ischemia (I-11)

3. evaluating the effects of dobutamine and fluid therapy on systemic and

regional hemodynamics and oxygen transport during intestinal ischemia (lIl)

4. studying the effects of dobutamine and fluid therapy on renal function during
intestinal ischemia (IV)
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4. MATERIALS AND METHODS

4.1. Experimental animals and anesthesia

Sixty female pigs, 12 pigs (weight 28 + 1 kg) (I, II) and 48 pigs (weight 27.9 +
0.4 kg) (Ill, IV) were used as experimental animals. The pigs were
premedicated with intramuscular ketamine hydrochloride (30 mg/kg). The
anesthesia was induced with intravenous pentobarbital sodium (15 mg/kg),
maintained with a continuous infusion of pentobarbital sodium and small
boluses when needed. The pigs were ventilated through a tracheostomy with
30 % oxygen in room air to achieve normoventilation with an end tidal PCO; of
40 + 5 mmHg at the end of the stabilization period with no changes in
ventilatory settings thereafter. Fluid therapy was maintained with 0.9 % saline
infused at a rate of 5 mi/kg/hr.

4.2. Surgical procedures
The right carotid artery and pulmonary artery were cannulated for

hemodynamic monitoring, cardiac output determination and intravenous access

(Figure 1).

Dobutamine + Fluids

Cardiac output
Mean Arterial Pressure

Tonometry

. SMA flow meter
Portal vein catheter

Occluder

Urine
Figure. 1 Experimental model
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A midline laparotomy was performed, and the root of the SMA was exposed. In
studies | and Il, a 4 or 6 mm electromagnetic flow probe (IVM, model FX-3; In
Vivo Metric Systems, Anaheim, CA) and in studies Il and IV, a 4 or 6 mm
ultrasound flow probe (T106, Transonic systems Inc., Ithaca, NY, USA) together
with a snare occluder were placed around the SMA. After splenectomy, the
portal vein was cannulated via the splenic vein. A tonometer (Tonometrics Inc.,
Hopkinton, MA, USA) was introduced into the intestinal lumen 80 cm distal from
the ligament of Treitz for the measurement of intramucosal pH. A catheter was
placed into the urinary bladder.

4.3. Experimental design

In studies | and Il, after a stabilization period of 60 minutes, the SMA occluder
was adjusted to reduce the SMA blood flow stepwise by 40 %, 70 % and finally
100 % from the baseline. Each occlusion level was maintained for 60 minutes.
Following the total occlusion of 60 minutes, the occluder was released and the
measurements were continued for an additional 60 minutes before the animal
was sacrificed. The animals received only maintenance fluid therapy of 0.9 %
saline infused at a rate of 5 ml/kg/hr.

In studies Il and IV, during a stabilization period of at least 30 min, PCWP
was adjusted to 10 mmHg by means of hydroxyethyl starch (Plasmafucin, Kabi
Pharmacia, Halden, Norway) and acetated Ringer's solution (Ringersteril, Orion,
Espoo, Finland) infusion in a proportion of 1:1. In the ischemic groups, the SMA
blood flow was reduced with a snare occluder and the flow was stabilized to 30
% from the baseline during a 15-minute period. After the SMA blood flow
stabilized to the target level, the occluder was left untouched for 120 minutes.

In the sham groups, the occluder was placed around the SMA but the SMA
blood flow was not reduced after the stabilization period and the measurements
were continued up to 120 min. After the stabilization period, the animals in the

control arms received only basic fluid therapy (0.9 % saline 5 ml/kg/hr). In the
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fluid therapy arms, PCWP was maintained at 10 mmHg throughout the
experiment by administration of hydroxyethyl starch and acetated Ringer's
solution in the proportion of 1:1. In the dobutamine treatment arms, dobutamine
hydrochloride was infused at a dose of 5 ug/kg/min for 15 minutes after the
SMA flow had stabilized, thereafter the dose was increased to 10 ug/kg/min.
Basic fluid therapy was maintained similarly to the control arms. In the
combined dobutamine-fluid therapy arms, in addition to dobutamine, PCWP
was maintained at 10 mmHg by fluid therapy similarly to the fluid treatment
arms. At 120 min, the snare occluder was removed in all study groups, and the
experiment was continued for another 60 min.

The study protocol in all studies was approved by the Review Board of Animal
Experiments of Kuopio University. The care and handling of the animals were
in accord with National Institutes of Health guidelines.

4.4. Hemodynamic measurements

Systemic and pulmonary hemodynamics were recorded continuously and
calculated as one minute median values of data collected at 10 second
intervals. The mean value of the 10 minute periods (1, 1), and of the 5 minute
periods (I, IV) preceding each cardiac output and PCWP measurements were
used for analysis except for the first data points after reperfusion of the SMA,
where a 3 minute mean value was used (l). Cardiac output was determined
with the thermodilution method as the average of three repeated measurements
using 10 ml bolus injections of 0.9 % saline at room temperature. The cardiac
index was calculated dividing the cardiac output by the weight of the animal.
SVRI was calculated as follows: SVRI = (MAP-MCVP)/CI.

In studies | and Il, the continuous SMA blood flow signal was recorded
through an amplifier (IVM, Model BA 201, In Vivo Metric Systems, Anaheim,
USA) fed to an instrumentation tape recorder (Racal Store 7 DS, Racal
Recorders Ltd, Southampton, England) and displayed on the screen of a cat-
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hode ray oscilloscope. The SMA blood flow was estimated off-line using the
recorded blood flow signal. This was performed by integrating the area under
the blood flow signal over time. Because of the study set-up (gradual SMA
occlusion), we were not able to occlude the SMA blood flow at regular intervals
to assess zero flow calibration. Therefore, our SMA blood flow values during
the study should not be considered as exact measurements, but as estimations
of SMA blood flow between the baseline and total SMA occlusion. In studies Ill
and IV, the SMA blood flow was measured with an ultrasound flow probe (T106,
Transonic systems Inc., Ithaca, NY, USA).

4.5. Oxygen delivery and consumption

Blood samples were aspirated from the carotid artery, pulmonary artery and
portal vein. A blood gas analyzer and an oximeter (ABL 500, OS3, Radiometer,
Copenhagen, Denmark) were used to determine the blood gas values and
oxygen saturation values of the samples corrected for the temperature. Oxygen
delivery was measured as the product of cardiac output and arterial oxygen
content and oxygen consumption as the product of cardiac output and arterial-
venous oxygen content gradient. Oxygen contents were calculated as 1.39 x
hemoglobin concentration x oxygen saturation + dissolved oxygen. Oxygen

extraction was derived from oxygen consumption and oxygen delivery.

4.6. Tonometric measurements

The tonometer was filled with 0.9 % saline. After 30 minutes of equilibration,
the PCO, of the sample and simultaneous arterial blood gas values were
determined using the blood gas analyzer (ABL 500, Radiometer, Copenhagen,
Denmark). Intramucosal pH was calculated with the modified Henderson-

Hasselbach equation: pH=6.1 + log ([HCO3"]/(PCO2 x 0.03)) using the arterial

bicarbonate concentration and the saline PCO,, adjusted for the 30 minutes
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time of equilibrium (Fiddian-Green et al 1983). Intramucosalarterial and
intramucosakportal venous PCO; gradients were calculated from the corrected

tonometric PCO, and simultaneous arterial and portal venous PCO; values.

4.7. Blood lactate concentrations

Blood lactate concentrations were measured from portal vein and arterial
blood samples and determined by the enzymatic method (Boehringer
Mannheim Total Entsymatic Test-Combination Cat. no 256 773, EPOS analyzer
5060, Eppendorf Geratebau, Hamburg, Germany). Portal venous-arterial
lactate gradient was calculated. In study I, an increase above mean + 25D of
the baseline was considered as an indicator for the development of intestinal
ischemia. Intramucosal pH, PCO; and intramucosal-portal venous PCO;
gradient were assessed at the corresponding time point (1).

4.8. Serum and urine creatinine concentrations

In study IV, serum and urine creatinine values were measured with Jaffe
method without deproteinization (HiCo Creatinine, Cat. no 1040 847,
Boehringer Mannheim, Hamburg, Germany) using a Hitachi 717 Automatic
Analyzer (Hitachi Ltd., Japan) (Wilson et al 1987). Cr was calculated as: Cer
(ml/s) = (V * U-crea * 1000) / (T * S-crea); where V is urine volume (ml), U-crea
is urine creatinine concentration (mmol/l), T is time (min) and S-crea is serum

creatinine concentration (umol/l}.
4.9. Statistical methods
In studies | and Il, the effect of time at the different time points was analyzed

with Friedman and Wilcoxon tests. A least mean square linear test was used for

univariate regression analysis. In studies Ill and IV, the animals were
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randomized blockwise with a full factorial design into eight treatment groups

(Figure 2). The differences between the baseline values were compared with

Controls
/ Fluid treatment (PCWP 10 mmHg)
Ischemic /
(N=24) ? Dobutamine treatment (10 pg/min/kg)
Fluid and dobutamine treatment
Controls
/ Fluid treatment (PCWP 10 mmHg)
.
(N=24) \ Dobutamine treatment (10 pg/min/kg)

Fluid and dobutamine treatment

Figure 2. Treatment groups

one-way analysis of variance. The effect of time within the study groups was
analyzed with paired sample t-test. Differences between the groups during the
study were compared with multivariate analysis of variance for repeated
measurements using dependent variable, grouping factors
(ischemia/reperfusion, fluid, dobutamine) and within-subject factor (time). The
effect of ischemia-reperfusion was regarded as significant if the ischemia-
reperfusion-time interaction comparing ischemic and sham control groups was

significant. The effects of fluid treatment and ischemia-reperfusion were
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regarded as significant if the ischemia-reperfusion-fluid-time interaction or the
fluid-time interaction comparing ischemic and sham control and fluid treated
groups were significant. The effects of dobutamine treatment and ischemia-
reperfusion were regarded as significant if the ischemia-reperfusion-
dobutamine-time interaction or the dobutamine-time interaction comparing
ischemic and sham control and dobutamine treated groups were significant.
The effects of fluid-dobutamine treatment and ischemia-reperfusion were
regarded as significant if the ischemia-reperfusion-fluid-dobutamine-time
interaction or the fluid-dobutamine-time interaction comparing all study groups
were significant. A p-value < 0.05 was considered statistically significant. The
results are expressed as mean + SEM.
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5. RESULTS

5.1. Development of intestinal ischemia during gradual reduction of
superior mesenteric artery flow ()

Q values at baseline, 40 % occlusion and 70 % occlusion were 249 + 47

SMA
ml/min, 154 + 30 ml/min and 82 £ 15 ml/min, respectively (Figure 3A). After the

release of the occlusion, Q,

ua returned close to the baseline level, but a higher

proportion of cardiac output was delivered to the SMA region as compared to
the baseline (10.2 +1.4 % vs. 5.5+ 0.7 %, p<0.01).

An increase in portal venous-arterial lactate gradient above mean + 2SD of
baseline was observed at 93 min corresponding to 69 + 7 % SMA occlusion
(Figure 3B). At this point, intramucosal pH had decreased to 6.93 + 0.06
(p<0.01 vs baseline), intramucosal PCO, had increased to 16.6 = 1.5 kPa and
intramucosalportal venous PCO; gradient to 8.9 + 1.5 kPa (p<0.05 vs
baseline)(Figure 4A-C).

The portal venous lactate level increased from 4.6 £ 0.7 mmol/lto 6.4 £ 0.5
mmol/l during the SMA occlusion, reached its peak value 5 minutes after the
reperfusion (8.7 £ 0.8 mmol/L, p<0.05 vs baseline), and decreased towards the
end of the experiment (Figure 3B). The portal venous-arterial lactate gradient
increased during the SMA flow reduction (p<0.01 at the end of the SMA
occlusion vs baseline) and reached the peak value 5 minutes after the release
of the vascular occlusion (3.3 £ 0.5 mmol/L, p<0.05 vs baseline). Thereafter, it
decreased during the reperfusion, but remained above the baseline value until
the end of the experiment.

Intramucosal pH decreased from 7.18 + 0.04 t0 6.81 £ 0.04 (p<0.01 vs
baseline) at the end of the SMA occlusion, and remained below the baseline
value after the SMA reperfusion (Figure 4A, Table 3). Intramucosal PCO;
increased from 12.4 + 1.3 kPa at baseline to 21.2 + 1.8 kPa at the end of SMA
occlusion (p<0.01), and decreased to 15.5 £ 1.7 kPa at the end of the
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Figure 3. Effect of gradual occlusion and reperfusion of superior mesenteric
artery on (A) superior mesenteric artery blood flow and (B) portal venous-
arterial lactate gradient. * = p < 0.05: ** = p < 0.01 vs baseline (0 min).
[Ccclusion level shown above the xaxis].
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Figure 4. Effect of gradual occlusion and reperfusion of superior mesenteric
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baseline (0 min). [Occlusion level shown above the x-axis].
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Table 3. Hemodynamics, tonometry and blood gas variables during graded superior
mesenteric artery occlusion

Baseline End of ischemia P
Mean arterial pressure (mmHg) 79 + 3 104 £ 5 0.0022
Heart rate (beats/min) 124 £ 5 173 + 11 0.0022
Cardiac index (ml/min/kg) 161 £ 12 114 * 0.0060
PAOP (mmHg) 40 £ 10 30 £ 1.0 NS
Hemoglobin (g/l) 104 £ 3 112 + 3 0.0022
SMA flow (ml/min/kg) 87 + 15 0 £ 0 0.0022
Intramucosal pH 718+ 0.04 6.81+ 0.04 0.0033
Lactate gradient (mmol/l) 0.02+ 0.07 232+ 047 0.0044
Oo-extractiong 044+ 0.03 0.60 £ 0.03 0.0209
pH; 7.18+ 0.04 6.81+ 0.04 0.0033
pHA 742+ 0.01 744 + 0.01 NS
pHy 7.38+ 0.01 739+ 0.01 NS
pHg 7.36+ 0.01 7.25+ 0.03 0.0152
PCO,; (kPa) 124+ 13 212+ 1.8 0.0076
pCO,a (kPa) 52 + 0.2 48 + 01 NS
pCOyy (kPa) 6.0 £ 0.2 59 £ 01 NS
pCOys (kPa) 6.6 £ 0.3 82 £ 0.6 0.0209
a-HCOg™ (mmol/l) 254+ 1.0 252+ 0.9 NS
v-HCO3~ (mmol/l) 248+ 1.0 251+ 0.9 NS
§-HCO3~ (mmol/l) 257+ 1.0 215+ 1.0 0.0152
a-BE (mmol/l) 09 + 12 03 = 1.0 NS
v-BE (mmol/l) 1.2 £ 1.2 16 £ 1.0 NS
s-BE (mmol/l) 28 £ 1.1 0.7 1.0 0.0284

Abbrevations: PAOP = pulmonary artery occluded pressure; SMA = superior mesenteric artery;
lactate gradient = portal venous-arterial lactate gradient; pH; = intramucosal pH; a = arterial; s =

splanchnic/portal vein; v = mixed vein; BE=base excess; NS = not significant
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reperfusion (Figure 4B, Table 3). Accordingly, the intramucosatarterial PCO»

gradient (p<0.01), the intramucosatportal venous PCO, gradient (p<0.01), and
the portal venous-arterial PCO; gradient (p<0.01) all increased during the SMA
occlusion (Figure 4C).

The portal venous pH decreased during the SMA flow reduction (p<0.05 at
the end of ischemia vs baseline) with a more pronounced drop at five minutes
after the SMA reperfusion (Figure 4D, Table 3). Later during the reperfusion,
portal venous pH started to increase, but remained below the baseline value.

Splanchnic oxygen extraction increased from 0.44 + 0.03 to 0.60 = 0.03
(p<0.05 vs baseline) towards the end of the SMA occlusion (Figure 4E,

Table 3). After reperfusion, there was a rapid drop in the splanchnic oxygen

extraction.

5.2. Systemic hemodynamics and oxygen transport during the

development of intestinal ischemia (1,11)

The cardiac index decreased gradually throughout the experiment (p<0.01 vs
baseline)( Figure 5A). HR increased significantly (p<0.01) at 30 minutes after
the total SMA occlusion and remained above the baseline value during the
whole reperfusion period (Figure 5B). MAP and SVRI increased towards the
end of SMA occlusion with the peak at 30 minutes after the total occlusion
(Figure 5C,D). After the release of the SMA occlusion, a rapid decrease in the
MAP and SVRI values were observed. MPAP during the occlusion and
reperfusion did not differ significantly from the baseline. PCWP decreased
gradually from 4 + 1 mmHg at baseline to 3 £ 1 mmHg at the end of SMA
occlusion and further decreased to 2 £ 1 mmHg at the end of the reperfusion
period (p<0.05).

Systemic oxygen delivery and oxygen consumption decreased early and
progressively during the experiment (Figure 6A,B). After the release of the
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Figure 5. Effect of gradual occlusion and reperfusion of the superior mesenteric
artery on (A) cardiac index, (B) heart rate, (C) mean arterial pressure and (D)
systemic vascular resistance index. * = p<0.05; ** = p<0.01 vs baseline (0
min).[Occlusion level shown above the xaxis].
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Figure 6. Effect of gradual occlusion and reperfusion of the superior
mesenteric artery on (A) systemic oxygen delivery, (B) systemic oxygen
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arterial pH. * = p<0.05; ** = p<0.01 vs baseline (0 min). [Occlusion level shown
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Figure 8. The relation between portal venous-arterial PCO, gradient and (A)
portal venous-arterial lactate gradient and (B) splanchnic oxygen extraction and
between mixed venous-arterial PCO; gradient and (C) portal venous-arterial
lactate gradient and (D) splanchnic oxygen extraction during gradual SMA
occlusion.

SMA occlusion, a temporary increase in systemic oxygen consumption was
observed, however at the end of the experiment, oxygen consumption had
declined almost back to the baseline value. During the ischemia, only minor

changes were observed inthe systemic oxygen extraction, whereas during the
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reperfusion it increased significantly (p<0.05 vs baseline) (Figure 6C).

Systemic arterial lactate level decreased during the partial ischemia, started to
increase at 30 minutes after the total ischemia and reached its peak value (5.3
+ 0.6 mmol/l) 5 minutes after the release of the vascular occlusion (Figure 6D).

Arterial pH increased during the ischemia (p<0.05 vs baseline), whereas five
minutes after the reperfusion it decreased significantly below the baseline value
(p<0.05) and increased thereafter (Figure 6E).

In a univariate regression analysis, the intramucosatarterial PCO, gradient
correlated only poorly or did not correlate at all with portal venous-arterial PCO;
gradient (r=0.35, p<0.01), mixed venous-arterial PCO, gradient (r=0.13), portal
venous-arterial lactate gradient (r=0.50, p<0.001), or with intestinal oxygen
extraction (r=0.17) (Fig. 7A-D). The portal venous-arterial PCO, gradient
correlated with the portal venous-arterial lactate gradient (r=0.75, p<0.001), and
with the splanchnic oxygen extraction (r=0.79, p<0.001) (Fig. 8A,B). The mixed
venous-arterial PCO; gradient did not correlate with the portal venous-arterial
lactate gradient (r=0.10) or with splanchnic oxygen e xtraction (r=0.14) (Figure
8C,D).

5.3. Effects of dobutamine and fluid therapy on systemic and regional
hemodynamics and oxygen transport during intestinal ischemia (lll)

Baseline values did not differ between the study groups. SMA blood flow and
the proportion of Qgua of CO decreased in all ischemic groups at the start of the
SMA occlusion (Figure 9AB). Subsequently, Qsua increased to the end of the
ischemic period in the dobutamine-fluid treated group (p<0.05), whereas the
proportion of Qsva of CO remained unchanged. During the reperfusion, Qswva
and the proportion of Qgua of CO returned to baseline in all groups. Ischemia or
reperfusion did not modify the treatment effects on Qsua or on the proportion of
Qsvia Of CO. Fluid treatment increased Qswa (p<0.05), and dobutamine
decreased the proportion of Qgua of CO compared to control groups (p<0.05 for

both) during the ischemic period. Other treatments did not influence Qgua or
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Table 4. Regional tissue oxygenation at baseline (0 min), at the end of ischemia (120
min) and at reperfusion (180 min) in the eight different treatment groups

Time (min) 0 120 180

Intramucosal pH

Control
Sham 732 + 0.04 731 £ 0.06 727 + 0.04
Ischemia 7.33 + 0.02 713 = 0.06 728 + 004°%
Fluid treatment
Sham 7.36 t 0.03 735 = 0.03 727 + 0.06
Ischemia 738 + 0.02 723 + 0.09 7.34 = 0.04
Dobutamine
Sham 7.35 + 0.05 733 £ 003, 731 £ 0.01
Ischemia 737 + 0.04 6.99 + 0.09 725 + 006"
Dobutamine + fluid
Sham 7.38 + 0.03 7.38 + 0.01 7.37 = 0.01
Ischemia 732 + 0.03 722 + 0.08 733 + 0.03
pCO; gradient (kPa)
Control
Sham 27 + 07 26 + 0.8, 3.0 £ 07
Ischemia 20 = 05 73 + 14 3.0 + 08"
Fluid treatment
Sham 17 £+ 04 1.9 + 03 35 £ 1.3
Ischemia 1.9 + 01 55 &+ 22 23 £ 05
Dobutamine
Sham 21 £ 07 21 + 06, 2.3 £ 03
Ischemia 1.8 £ 0.5 101+ 2.3 28 + 09
Dobutamine + fluid
Sham 1.9 + 0.5 1.2 + 03 1.6 + 0.3
Ischemia 26 £ 0.6 44 £ 22 1.9 £ 0.6
Lactate gradient (mmol/l)
Control
Sham 0.2 £ 01 01+ 01, 0.2 £+ 0.2
Ischemia 0.2 £ 01 20 £ 07 0.2 £+ 1.0
Fluid treatment
Sham 0.2 + 0.1 0.0 = 0.1 04 = 03
Ischemia 0.2 = 0.1 11 £ 0.7 04 £ 0.2
Dobutamine N
Sham 0.2 + 0.1 05 + 01, 02 + 01*
Ischemia 0.1 & 0.1 18 = 06 03 £ 017
Dobutamine + fluid
Sham 03 £ 02 03 = 0.2, 0.1 £ 0.2
Ischemia 0.1 = 0.1 08 = 03 01 £ 0

* vs baseline, # vs end of ischemia; *# p<0.05; **## p<0.01.
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Table 5. Systemic hemodynamics at baseline (0 min), at the end of ischemia (120 min)
and at reperfusion (180 min) in the eight different treatment groups

Time (min) 0 120 180
ClI (mi/kg/min)
Control
Sham 212 = 18 148 = 20° 139 = 17
Ischemia 193 + 25 122 = 15 109 = 7
Fluid treatment .
Sham 183 = 23 121 = 21 104 + 13
Ischemia 150 = 12 150 = 32 174 = 31
Dobutamine
Sham 202 = 12 221 + 38 212 x 43
Ischemia 206 + 20 214 + 25 184 = 22*
Dobutamine + fluid
Sham 197 = 15 369 + 297 366 + 18
Ischemia 223 + 21 360 + 397 359 = 32
MAP (mmHg)
Control
Sham 90 = 2 109 = 7. 108 = 9
Ischemia 94 =+ 4 107 = 1 98 =+ 5
Fluid treatment
Sham 92 =+ 4 127 £ 97 124 =+ 4
Ischemia 105 = 7 123 £ 57 121 ¢ 9
Dobutamine
Sham 93 + 6 98 =+ 8 95 = 9
Ischemia 106 = 7 93 = 10 76 = 14
Dobutamine + fluid
Sham 100 = 4 115 = 4 120 =+ 4
Ischemia 100 £ 3 17 £ 5° 114 = &
HR (beats/min)
Control
Sham 100 £ 6 101 = 11 106 = 11
Ischemia 102 + 10 80 x 7 100 = 11*
Fluid treatment
Sham 104 = 4 89 = 5° 8 =z 7
Ischemia 79 = 3 8 =+ 9 97 = 10
Dobutamine
Sham 135 + 28 149 =+ 11 149 = 8
Ischemia 101 = 5 176 + 17 159 = 10
Dobutamine + fluid
Sham 98 4 151 = 137 168 z 6
Ischemia 103 = 9 152 = 12 147 = 10
PCWP (mmHg)
Control
Sham 9 0 3 17 2 + of
Ischemia 10 0 3 17 1 2 1™
Fluid treatment
Sham 10 0 10 1 11 = 1
Ischemia 10 1 9 0 10 0
Dobutamine
Sham 9 0 1 o™ 1 % 1
Ischemia 10 0 1 o™ 1 & 1
Dobutamine + fiuid
Sham 10 0 10 1 11+ 0
Ischemia 10 0 10 0 8 1%

Cardiac index (Cl), mean arterial pressure (MAP), heart rate (HR), pulmonary capillary wedge pressure (PCWP); * vs

baseline, # vs end of ischemia; *# p<0.05, **## p<0.01, ™* p<0.001.
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Table 6. Systemic oxygen delivery, systemic oxygen consumption and systemic oxygen extraction at baseline
(0 min), at the end of ischemia (120 min) and at reperfusion (180 min) in the eight different treatment groups

Time (min) 0 120 180

DO; (ml/min/kg)

Control
Sham 235 =+ 20 208 =+ 34 192 + 28
Ischemia 216 =+ 3.0 175 =+ 23 155 + 10
Fluid treatment
Sham 197 =+ 25 156 =+ 28 128 + 17
Ischemia 174 + 04 18.1 + 4.0 195 + 36
Dobutamine
Sham 233 =+ 1.0 293 + 42 274 + 46
Ischemia 231 + 21 277 =+ 3.0 240 + 247
Dobutamine + fluid
Sham 206 = 19 363 + 247 347 + 41
Ischemia 237 + 25 358 + 397 346 + 16
VO, (ml/min/kg)
Control
Sham 64 * 05 65 + 05 58 + 08
Ischemia 54 =+ 07 54 + 03 53 + 03
Fluid treatment
Sham 52 + 07 50 = 07 48 + 07
Ischemia 52 + 05 59 = 04 67 + 07
Dobutamine
Sham 67 £ 4 81 = 04 88 + 08
Ischemia 46 £ 11 79 = 04 77 + 04
Dobutamine + fluid
Sham 59 + 03 88 + 057 62 + 19
Ischemia 60 * 04 84 + 057 86 + 05
Oxygen extraction
Control
Sham 027 + 0.01 033 + 004 034 <+ 004
Ischemia 026 + 0.02 033 + 004 035 + 003
Fluid treatment
Sham 028 + 0.04 034 £ 0.04° 038 + 0.02
Ischemia 030 + 0.02 038 + 004 038 <+ 003
Dobutamine
Sham 029 + 0.02 030 + 004 035 + 004
Ischemia 021 + 0.05 031 + 0.05 033 + 004
Dobutamine + fluid
Sham 030 + 0.03 025 + 001 022 + 005
Ischemia 026 + 0.02 025 + 0.03 026 <+ 003

Systemic oxygen delivery (DOz), systemic oxygen consumption (VOz). " vs baseline, * vs ischemic baseline. # p<0.05,
p<0.01, p<0.001.



71

the proportion of Qgua of CO during the ischemic and reperfusion periods.

Intramucosal pH decreased at the start of the ischemia in all ischemic groups
(Figure 10A). During the ischemic period, it remained below the baseline value
in the control (p<0.05) and dobutamine (p<0.01) treated ischemic groups, and
at the end of the ischemic period, the ischemic control group presented with
significantly lower intramucosal pH than the sham control group (7.13 £ 0.06 vs
7.31 £0.06, p<0.05)(Figure 10A, Table 4). Dobutamine alone in the ischemic
group reduced the intramucosal pH value further to 6.99 + 0.09 (p<0.05
compared to ischemic control group), whereas other treatments did not
influence it. The intramucosatarterial PCO, gradient increased at the start of
ischemia in the ischemic control animals (p<0.05) and in ischemic animals
treated with dobutamine (p<0.01), and at the end of the ischemic period, it was
higher in the ischemic control group compared to the sham control group (7.3 +
1.4 vs 2.6 £ 0.8 kPa, p<0.01) (Figure 10B, Table 4). None of the treatments
had any significant effect on intramucosatarterial PCO; gradient. The portal
venous-arterial lactate gradient increased at the start of the ischemia in the
dobutamine treated ischemic animals (p<0.05), and at the end of the ischemic
period it was higher as compared to baseline in control, dobutamine and
dobutamine-fluid treated ischemic groups (p<0.05 for all) (Figure 10C, Table 4).
Dobutamine alone in the ischemic group resulted in a higher portal venous-
arterial lactate gradient compared to the ischemic control group (p<0.05). The
portal venous-arterial lactate gradients did not differ from each other in the other
treatment groups. Reperfusion increased the intramucosal pH and decreased
the intramucosal-arterial PCO; gradient in control (p<0.05 and p<0.01,
respectively) and dobutamine (p<0.05 for both) treated ischemic groups, and
decreased the portal venous-arterial lactate gradient in the dobutamine treated
ischemic group (p<0.05).

The cardiac index increased in animals treated with the dobutamine-fluid
combination (p<0.01) (Table 5). MAP increased in the control (p<0.05), fluid
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(p<0.01) and dobutamine -fluid (p<0.05) treated groups, and HR increased in the
dobutamine and dobutamine-fluid treated groups (p<0.01 for both). PCWP
decreased in the control group and in animals treated with dobutamine alone
(p<0.001 for both). SMA occlusion and reperfusion did not modify the treatment
effects on systemic hemodynamics. Fluid treatment had no significant influence
on Cl. Dobutamine resulted in an increase in Cl compared to control animals
(p<0.05). The effect of dobutamine was further enhanced when it was
combined with fluid therapy; CI in this group was higher compared to animals
receiving fluid or dobutamine on their own (p<0.05 for both). SV, MAP and HR
did not differ between the treatment groups. PCWP decreased in the control
groups compared to the fluid treated groups (p<0.001) and dobutamine alone
decreased this parameter further (p<0.05 vs control groups). Reperfusion
resulted in a decrease in Cl in the dobutamine treated group and an increase in
HR in the control group (p<0.05 for both). PCWP decreased in control and
dobutamine-fluid treated groups (p<0.01 for both). PCWP was higher in fluid
treated groups (p<0.01) and lower in the dobutamine treated groups (p<0.01)
than in the control groups. Furthermore, PCWP in the dobutamine-fluid treated
groups was higher than in the animals receiving dobutamine on its own
(p<0.01).

Systemic oxygen delivery and consumption increased in the dobutamine-fluid
treated groups (p<0.01 for both), whereas systemic oxygen extraction did not
change (Table 6). Neither ischemia nor reperfusion changed the treatment
influence on systemic oxygen transport. Dobutamine treated animals had
higher systemic oxygen delivery compared to their controls (p<0.05), whereas
other treatments had no significant effect on oxygen delivery. Systemic
oxygen consumption and systemic oxygen extraction were similar in all
treatment groups. Reperfusion decreased the systemic oxygen delivery in the
dobutamine treated group (p<0.05) and did not influence systemic oxygen
consumption and oxygen extraction. The decrease in systemic oxygen

delivery was higher in the dobutamine treated groups than in control groups
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(p<0.01) or in the dobutamine-fluid treated groups (p<0.05). Systemic oxygen
consumption increased in the dobutamine treated groups compared to their
controls, in which it decreased (p<0.01). The oxygen extraction also
decreased in the dobutamine treated groups compared to dobutamine-fluid

treated animals (p<0.05).

5.4. Effects of dobutamine and fluid therapy on renal function during

intestinal ischemia (IV)

During the ischemic period diuresis increased and serum and urine creatinine
concentrations decreased in fluid (p<0.01, p<0.01 and p<0.05, respectively) and
dobutamine-fluid (p<0.01, p<0.001 and p<0.001, respectively) treated ischemic
groups (Table 7). Ischemia as such did not influence renal function or diuresis.
All fluid treated groups had lower serum creatinine values during SMA occlusion
than control groups (p<0.001). With respect to diuresis, urine creatinine level or
creatinine clearance, the treatment groups did not differ from each other during
the ischemic period.

After SMA reperfusion, diuresis decreased in the ischemic control group
(p<0.05) and in ischemic animals treated with dobutamine alone (p<0.01). In
addition, the urine creatinine level increased in the dobutamine treated ischemic
group (p<0.05), and creatinine clearance decreased in the ischemic control
group (p<0.01). Reperfusion as such did not have any influence on renal
function or diuresis. None of the treatments had any significant impact on renal

function or diuresis during reperfusion.
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Table 7. Renal function at baseline (0 min), at the end of ischemia (120 min) and at
reperfusion (180 min) in the eight different treatment groups

Time (min) 0 120 180

Diuresis (ml/kg/hr)

Control
Sham 1M1+ 7 10 =+ 3 4 o+ 1*
Ischemia 5 & 2 7 £ 2 1 £ 0%
Fluid treatment
Sham 9 + 4 12 + 3 12 = 2
Ischemia 9 t 4 18 = 47 14 £ 7
Dobutamine
Sham 8 + 3 7 0+ 2 2 o+ 1%
Ischemia 19 + 7 9 + 2 1 + o*
Dobutamine + fluid
Sham 14 = 7 17 £ 3 11 = 2*
Ischemia 3 £ 1 16 = 47 10 = 2
S-creatinine (umol/l)
Control
Sham 67 t 3 69 t 3 70 + 3
Ischemia 87 + 8 87 + 8 88 + 8
Fluid treatment
Sham 81 + 6 7B+ 57 73 + 4
Ischemia 84 + 5 7 £ 57 74 £ 6
Dobutamine
Sham 78 £ 1 78 = 2 80 + 2
Ischemia 67 * 4 70 + 3 74 + 4
Dobutamine + fluid .
Sham 7% £ 4 67 + 5 68 + 5
Ischemia 78 + 4 65 + 47 65 + 4
U-creatinine (mmol/l)
Control
Sham 32 + 141 24 + 09 30 + 09
Ischemia 54 + 17 30 + 08 50 =+ 10
Fluid treatment
Sham 41 £ 14 17 & 07 12 £ 04
Ischemia 53 + 18 09 + 02 1.7 + 08
Dobutamine
Sham 65 + 23 36 = 14 58 + 16°
Ischemia 35 £ 19 24 + 11 59 £ 18*
Dobutamine + fluid
Sham 24 t 05 10 = 027 10 £ 02
Ischemia 53 t 07 10 = 027 15 £ 05
Creatinine clearance (ml/min)
Control
Sham 837 =+ 1438 936 =+ 203 479 + 109"
Ischemia 795 + 290 823 t 126 328 + 77"
Fluid treatment
Sham 1065 + 364 948 + 386 775 = 216
Ischemia 1083 * 36.9 913 =+ 190 626 =+ 104
Dobutamine
Sham 113.8 * 138 1045 *= 240 579 =+ 13.2
Ischemia 871 + 93 864 = 155 561 = 178
Dobutamine + fluid
Sham 1113 £ 155 982 + 1238 665 + 89*
Ischemia 106.3 £ 302 1002 £ 199 773 = 78

* vs baseling, # vs end of ischemia; *# p<0.05, **## p<0.01, *** p<0.001
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6. DISCUSSION

6.1. Development of intestinal ischemia during gradual reduction of

superior mesenteric artery flow (1)

Detection of reduced splanchnic perfusion early enough to prevent tissue
hypoxia is a challenge in clinical practice since hypoperfusion of the splanchnic
region has been suggested to contribute to the development of multiple organ
failure (Carrico et al 1986, Deitch 1992). The blood lactate level has been
claimed to be a good marker and may even be the predominant indicator of
intestinal ischemia (Lange and Jackel 1994, Mizock and Falk 1992). In this
study, the development of intestinal ischaemia was evaluated by an increase in
the portal venous-arterial lactate gradient. In parallel with the increase in the
portal venous-arterial lactate gradient, the intramucosal pH decreased and

tonometric PCO, , tonometric-portal venous PCO, gradient and splanchnic

oxygen extraction increased, all of which are variables mirroring the
development of intestinal ischemia. The critical time point for the increase in
the portal venous-arterial lactate above mean + 2SD of the baseline value
occurred at 33 min from the start of the corresponding 70 % SMA occlusion
level. At this time point also significant changes in intramucosal pH and

tonometric-portal venous pCO, gradient were observed. This is in close

agreement with Grum et al. (Grum et al 1984), who reported that tonometrically
detected intramucosal pH decreased and was dependent on the regional
oxygen consumption, when oxygen delivery was decreased by 60 % from the
baseline.

Acid-base balance, oxygen delivery, consumption and extraction as well as
the blood lactate concentration have been suggested to provide useful
information about tissue perfusion (Bakker et al 1996, Dhainaut et al 1990,
Schlichting and Lyberg 1995), it has also been reported that information

obtained from systemic and pulmonary artery hemodynamics and blood
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samples cannot be used to detect intestinal ischaemia evoked by a five hour
total SMA occlusion in pigs (Schlichting and Lyberg 1995). Mixed venous
hypercarbia and increased systemic venous-arterial PCO, gradient have been
found to be markers of systemic hypoperfusion during systemic hypoperfusion,
reflecting the changes in cardiac output (Adrogue et al 1989, Bowles et al 1992,
Halmagyi et al 1970, Mathias et al 1988, Mecher et al 1990). Thus, it has been

suggested that the systemic mixed venous-arterial PCO, gradient might be also

useful for detecting an oxygen supply/demand mismatch during systemic
hypoperfusion (Bowles et al 1992). The splanchnic region receives 20-30 % of
cardiac output and accounts for a slightly higher proportion of the total body
metabolic activity and oxygen consumption at rest. Therefore, it seems
reasonable to assume that intestinal ischemia with concomitant mild
hypovolemia should impact on the mixed venous-arterial PCO; gradient. The
intramucosal pH has been found to be a clinically feasible method for the
detection of regional intestinal hypoperfusion in several studies (Antonsson et al
1990, Antonsson et al 1993, Fiddian-Green et al 1986, Gutierrez et al 1992b,
Montgomery et al 1990). However, the intramucosalarterial PCO, gradient has
been claimed to be an even better indicator of tissue hypoperfusion than
intramucosal pH or the intramucosal-arterial pH gradient (Schlichtig et al 1996).

In addition, the intramucosal-portal venous PCO, gradient has also been

reported to increase when intestinal oxygen delivery was decreased by
systemic hypoperfusion (Schlichtig and Bowles 1994).

In the present study, intramucosalarterial PCO, gradient and intramucosalt
portal venous PCO, gradient both were sensitive at detecting regional
splanchnic hypoperfusion, though the portal venous-arterial PCO; gradient
correlated better with splanchnic lactate production (Bakker et al 1992,
Benjamin et al 1987, Martin et al 1985) and splanchnic oxygen extraction
(Benjamin et al 1987, Lundberg et al 1990, Mathias et al 1988) than the
intramucosalarterial PCO; gradient. The dilution of these ischemic markers by

the blood received from the other parts of the splanchnic region may explain the
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poor correlation between them and the intramucosal-arterial PCO, gradient.
Whether these correlations would have been better below the critical extraction
ratio, remains unresolved, because the whole splanchnic oxygen extraction
ratio was measured in this study instead of the oxygen extraction ratio of the
splanchnic area perfused by SMA.

The regional PCO; gradients were able to detect regional splanchnic
hypoperfusion, but mixed venous PCO, and systemic mixed venous-arterial
PCO- gradient did not reveal the defect. As intramucosal-arterial PCO, gradient
increases in parallel with the decrease in SMA blood flow, the venous outflow
from that region also decreases causing the PCO; outflow to decline. Portal
flow is reduced in parallel to the reduction of SMA flow causing a dilutional
effect of the blood from the rest of the splanchnic region and decreasing PCOs.
When portal flow is decreased, the hepatic arterial buffer response attempts to
compensate and maintain liver blood flow, which then increases hepatic
venous blood flow and thus decreases PCO;.

Arterial lactate started to increase after the induction of total ischemia, but it
was not able to detect the development of intestinal ischemia earlier, even
though portal venous arterial lactate values had increased. This is in line with
previous reports, in which intestinal ischemia caused by total SMA occlusion
lasting from 30 minutes to 120 minutes increased systemic and regional blood
lactate (Jonas et al 1996, Nutz et al 1987). One explanation is that the
increased lactate metabolism in the liver is able to compensate for the
increased intestinal lactate production and this prevents the development of
systemic lactatemia and acidosis. This suggestion is further supported by the
findings of Jakob et al. (Jakob et al 2000), who showed that reduced SMA
blood flow increased the portal venous lactate values. However, this increase
in the influx of lactate to liver was compensated for by the increase in liver
lactate uptake leading to normal systemic lactate values. This is also in line
with the findings of Rasmussen et al. (Rasmussen and Haglund 1992), who

were not able to measure any increase in systemic lactate concentrations
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during septic shock in spite of clearly decreased splanchnic perfusion. Another
possibility is that portal vein flow was reduced during the gradual SMA
occlusion. As a consequence, although the portal venous lactate
concentration increased, the cumulative amount of lactate entering the
systemic circulation was not changed until the SMA occlusion was complete,
when the lactate production was sufficiently great to overwhelm hepatic uptake
and to increase systemic lactate values.

Intestinal hypoperfusion and ischemia have been reported in different
experiments during peritonitis, hemorrhage, cardiac tamponade and
endotoxemia (Antonsson et al 1995, Bailey et al 1986, Bailey et al 1987b, Fink
et al 1991, McNeill et al 1970, Rasmussen and Haglund 1992). All these
experiments produce systemic hypoperfusion in addition to splanchnic
hypoperfusion, but do not allow an examination of the systemic effects of
splachnic hypoperfusion. In our study, isolated SMA occlusion was used to
produce intestinal ischaemia. This allowed us to evaluate the systemic
influence of splanchnic hypoperfusion. However, although this experiment is
suitable for this purpose, an isolated SMA occlusion is rather uncommon in
clinical practice though it may occur in patients with large emboli or severe
atherosclerotic disease. Although our study shows that intestinal ischaemia
may develop without any systemic signs of tissue hypoperfusion, the clinical

relevance of this finding should be interpreted with caution.

6.2. Systemic hemodynamics and oxygen transport during the
development of intestinal

ischemia (L,II)

The changes in systemic hemodynamics during the intestinal ischemia were
nonspecific and associated with the developing hypovolemia caused by the loss
of intravascular fluid into the peritoneal cavity (Haglind et al 1981, Kangwalklai

et al 1973, Tjiong et al 1974). In spite of clear evidence of hypovolemia, in the



79

present study an increase in mean arterial blood pressure was observed, which
is opposite to previous studies (Haglund et al 1978, Norlén et al 1978, Redfors
etal 1984). The reason for the mean blood pressure increase remains unclear
but it confirms that normal blood pressure cannot be used to exclude significant
hypovolemia. Even though the hemodynamic changes were minor during the
ischemic period, more pronounced changes were observed during the
reperfusion, most probably attributable to the release of cardiotoxic and acidic
metabolites (Lundgren and Haglund 1978b) together with a worsening
hypovolemia due to the decrease in cardiac output. This together with the
deteriorating hypovolemia caused by redistribution of the reduced circulating
blood volume back into the intestinal circulation and an uncouwpling of the
vasoregulative systems leading to a reduced mean arterial blood pressure after
the reperfusion.

Systemic oxygen delivery and consumption decreased with the reduction of
the SMA flow and cardiac output, whereas the systemic oxygen extraction
remained unchanged and arterial pH increased during the SMA occlusion.
However, after the reperfusion, even though systemic oxygen delivery followed
the course of cardiac output, the systemic oxygen consumption showed a
transient increase. This may be due to the combined effects of recovery from

the oxygen-debt and the activation of inflammatory mediators.

6.3. Effects of dobutamine and fluid therapy on systemic and regional

hemodynamics and oxygen transport during intestinal ischemia (llI)

Fluid therapy and vasoactive agents have been used to increase oxygen
delivery and consumption to supranormal levels in attempts to decrease the risk
of multiple organ failure (Durham et al 1996, Heyland et al 1996, Shoemaker et
al 1988). Although increased cardiac output by vasoactive agents usually
increases splanchnic blood flow, the actual effects of vasoactive agents on
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intestinal mucosal perfusion have been inconsistent (Giraud and MacCannell
1984, Immink et al 1976, Vernon et al 1992).

In our study, dobutamine infusion alone evoked the most severe metabolic
signs of intestinal ischemia, characterized by the lowest intramucosal pH and
the highest portal venous-arterial lactate gradient during partial superior
mesenteric artery occlusion. In addition, dobutamine, even when given with
fluids, did not offer any advantage as compared to fluid treatment alone. The
results from other studies are confusing. Dobutamine has either increased
(Gutierrez et al 1994, Silverman and Tuma 1992), decreased (Parviainen et al
1995, Silverman and Tuma 1992) or had no effect on (Uusaro et al 1997)
gastric intramucosal pH. After cardiac surgery, gastric intramucosal pH
decreased or has remained unchanged despite the increased splanchnic blood
flow suggesting that dobutamine may interfere with splanchnic vasoregulation
and cause a local mismatch between splanchnic oxygen supply and demand
despite the increased regional blood flow (Parviainen et al 1995, Uusaro et al
1997). Nonetheless, in septic patients, gastric intramucosal pH has increased
in response to dobutamine treatment (Gutierrez et al 1996, Silverman and
Tuma 1992).

In our study, dobutamine increased cardiac output and the effect was
enhanced when dobutamine was combined with fluid therapy. Although
dobutamine did not change SMA flow, dobutamine did decrease the fractional
SMA flow, suggesting that changes in systemic hemodynamics (cardiac output)
cannot be used to predict changes in regional blood flow (SMA flow). The
decreased fractional SMA flow should not have influenced intramucosal pH
unless local metabolic demands had simultaneously increased. In addition,
dobutamine may cause redistribution of blood flow within the splanchnic bed or
in the intestinal wall as has been demonstrated with other vasoactive agents
(Shepherd et al 1984). Even though splanchnic blood flow generallyincreases
in parallel with cardiac output after administration of inotropic drugs, the

response of intestinal mucosal perfusion to vasoactive agents has been
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reported to be more variable. In experimental studies, dopamine,
norepinephrine, epinephrine reduced intestinal mucosal blood flow (Giraud and
MacCannell 1984, Immink et al 1976), whereas the effects of dobutamine were
dependent on the balance between its alpha-mediated vasoconstrictory and
beta-mediated vasodilatatory properties (Vernon et al 1992). Dobutamine alone
or in combination with fluid therapy has beenfound to increase intestinal
mucosal perfusion (Bersten et al 1992, De Backer et al 1996, Fink et al 1991,
Neviere et al 1997, Secchi et al 1997, Vincent et al 1987), although there are
also reports which show no improvement in the intestinal perfusion (Germann et
al 1997, Nordin et al 1996).

Since dobutamine has both alpha- and beta-agonist properties (Ruffolo 1987),
it would be expected to increase the local metabolic demands. In our study, the
increase of SMA blood flow in response to the potential increase in the
metabolic demands was limited. Accordingly, local acidosis would be expected
to become intensified. Although the effect of dobutamine on splanchnic
metabolic demand is small (Reinelt et al 1997), it may still have intensified
mucosal acidosis. It is also possible that the intestinal ischemia associated with
hypovolemia may lead to blood flow redistribution which cannot be corrected by
dobutamine. Since hypovolemia is a strong vasoconstrictory stimulus (Edouard
etal 1994), itis possible that the alpha-adrenergic properties of dobutamine
may have enhanced intestinal vasocontriction in those animals not receiving

fluid resuscitation.

6.4. Effects of dobutamine and fluid therapy on renal function during

intestinal ischemia (IV)

Inadequate tissue perfusion resulting in intestinal ischemia contributes to the
pathogenesis of multiple organ failure in critically ill patients (Carrico et al 1986,
Deitch et al 1987, Gutierrez et al 1992b). In addition, the risk for multiple organ

failure can be reduced by increasing oxygen delivery to supranormal levels
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using fluid therapy and vasoactive agents (Durham et al 1996, Hayes et al
1994, Heyland et al 1996, Shoemaker et al 1988). The effects of intestinal
ischemia alone and combined with vasoactive therapy on renal function are only
poorly understood (LaNoue et al 1996, Rothenbach et al 1997)

In our study, partial intestinal ischemia did not influence renal function since
renal function in animals with SMA occlusion and sham operated animals did
not differ from each other. However, reperfusion of SMA blood flow in ischemia,
but interestingly also in sham operated animals, resulted in a deterioration of
renal function characterized by a decrease in diuresis and creatinine clearance
and an increase in the urine creatinine concentration, which was most obvious
in those animals treated without fluid therapy. Treatment had also significant
effects on renal function. Fluid treatment increased diuresis and reduced serum
and urine creatinine concentrations. On the contrary, animals treated with
dobutamine alone showed a tendency (although non-significant) towards a
decrease in diuresis and an increase in serum and urine creatinine
concentrations.

In our study, partial SMA occlusion did not influence renal function. LaNoue
et al. (LaNoue et al 1996) measured renal blood flow with microspheres and a
Doppler flow probe in a total ischemia and reperfusion model. They observed
that intestinal ischemia reduced renal blood flow as measured by their Doppler
flow probe but not by microspheres without influencing tissue ATP levels or
inulin clearance. In addition, they found that reperfusion decreased more
significantly renal blood flow and renal tissue ATP levels. This is in line with our
study: diuresis and creatinine clearance remained stable during the SMA
occlusion, whereas during the reperfusion they tended to decrease in all study
groups. However, the deterioration of renal function during the reperfusion
could be alleviated with fluid therapy but not with dobutamine treatment alone.

Intestinal ischemia reperfusion injury releases cardiotoxic factors decreasing
myocardial contractility and reducing renal blood flow (Horton and White 1991).

Although, in our study we did detect a decrease in cardiac output during total
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intestinal blood flow occlusion and reperfusion (1), we also noted that partial
SMA occlusion and reperfusion did not decrease cardiac output

sufficiently to account for the effects on diuresis and creatinine clearance.
Baroreflexmediated sympathetic activity and elevated circulating
catecholamine levels may result in renal vasoconstriction, and the kidney itself
may respond to pathologic states by generating potent paracrine
vasoconstrictors (LaNoue et al 1996, Rothenbach et al 1997). It is also known
that ischemia reperfusion injury activates inflammatory mediators such as
complement and neutrophils, and also evokes the release of local
proinflammatory and vasoactive agents including eicosanoids and nitric oxide
as well as cytokines which can cause both local and remote organ damage
(Caty et al 1990, Schmeling et al 1989, Turnage et al 1994, Turnage et al
19954, Turnage et al 1995b, Turnage et al 1995c¢). These may partly explain the
changes in renal function noted in our study.

The impairment of renal function associated with SMA occlusion and
reperfusion was observed both in the ischemic groups and in sham operated
animals. This is in agreement with the results of LaNoue et al. (LaNoue et al
1996), who reported decreased renal blood flow also in their sham group and
explained this finding by evaporative fluid loss; in their study saline infusion
preserved renal blood flow in the sham groups. In our study also the basic fluid
treatment of 5 ml 0.9% saline/kg/hour during the developing hypovolemia may
have contributed to the impairment of renal function. However, this is not the
only explanation because we found decreased diuresis and creatinine
clearance in all sham operated animals, e.g. also in animals treated with fluid-
dobutamine combination i.e. animals who showed no evidence of hypovolemia.
Their pulmonary wedge pressure was kept constant and their cardiac output
was increased. One cannot account for the changes in renal function by the
deterioration of systemic hemodynamics. One explanation could be some
reflexes, originating from the SMA area, which are activated by the manipulation
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of the occluder and trigger the changes in renal function during reperfusion
since the occluder was also removed from the sham animals..

It has been suggested that dobutamine releases vasopressin with its
concomitant antidiuretic effect mediated in response to the drug's beta-
adrenergic stimulation (Westman and Jarnberg 1986). However, this is not
supported by the findings of our study; dobutamine did not influence diuresis or
creatinine clearance during partial intestinal hypoperfusion. On the other hand,
the importance of adequate fluid therapy was demonstrated by the fact that fluid
treatment alone or combined with dobutamine therapy increased diuresis and
decreased serum and urine creatinine concentrations.

In healthy volunteers, dobutamine has been found to decrease the renal
fraction of cardiac output without influencing renal vascular resistance and renal
blood flow (Biro et al 1988, Westman and Jarnberg 1986). In contrast, other
experimental studies have claimed that dobutamine increases renal blood flow
and reduces renal vascular resistance (Biro et al 1988, Fiser et al 1988). In
addition, the effect of dobutamine on renal function in different clinical settings
has been very inconsistent. In critically ill patients, dobutamine has increased
creatinine clearance without influencing diuresis (Duke et al 1994). In chronic
congestive heart failure, dobutamine has been reported to increase creatinine
clearance and diuresis (Baumann et al 1990). Low dose dobutamine did not
effect urine output and serum creatinine levels after cardiopulmonary bypass in
children (Wenstone et al 1991) and after major vascular surgery in adults
(Westman and Jarnberg 1987). In a clinical sepsis study, dobutamine did
increase diuresis without influencing creatinine clearance (Levy et al 1999). On
the contrary, in experimental sepsis, dobutamine alone or combined with fluid
therapy decreased kidney perfusion (Bersten et al 1992, Haywood et al 1991).
Finally, in rats, dobutamine did not increase renal excretory function during
sepsis (Palsson et al 1997). Based on previous reports and our results we
conclude that the effects of dobutamine seem to vary between different species
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and between disease states, and that our results should be evaluated only in
the context of intestinal ischemia.

One limitation of our study is that our setup does not allow the direct
measurement of renal blood flow. Thus, we used diuresis and creatinine
clearance as the prime measures of renal function even though renal damage
can be examed also by other methods assaying the levels of beta2-
microglobulin, retinol binding protein, microalbuminuria or the level of lactate
dehydrogenase (Hauet et al 2000, Sezai et al 1997, Thakkar et al 1998). On
the other hand, we wanted to use measures of renal function which would be
relevant to in clinical situation. However, it is clear that the direct measurement
of renal blood flow would have increased the value of this study.
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7. SUMMARY AND CONCLUSIONS

The present experimental study evaluated the systemic and regional effects of
progressive intestinal ischemia caused by graded occlusion of the SMA with the
intention of answering four questions: 1. to determine the level of superior
mesenteric artery flow reduction that can cause intestinal ischemia, 2. to
investigate whether the assessment of systemic hemodynamics and oxygen
transport can be used in detecting the development of intestinal ischemia, 3. to
evaluate the effects of dobutamine and fluid therapy on systemic and regional
hemodynamics and oxygen transport during intestinal ischemia, and 4. to study
the effects of dobutamine and fluid therapy on renal function during intestinal

ischemia.

SMA blood flow was decreased by 40%, 70% and 100% and thereafter the
occlusion was released in 12 pigs. The development of intestinal ischemia
defined as an increase in portal venous-arterial lactate gradient above mean +
25D of the baseline occurred at 33 minutes after a corresponding 70% SMA
occlusion. This was associated with a decrease in intramucosal pH and portal
venous pH and an increase in the intramucosatarterial pCO, gradient and
splanchnic oxygen extraction. Systemic and regional hemodynamics and
oxygen transport variables were monitored continuously but no specific
changes related to intestinal ischemia were observed. In another 24 ischemic
pigs, SMA blood flow was reduced to 30% from baseline for 120 min, and
thereafter released. An additional 24 pigs (sham group) served as non
ischemic controls. The animals were further assigned into four treatment arms:
controls, fluid therapy, dobutamine therapy and fluid + dobutamine therapy.
Intestinal ischemia did not modify the effects of fluid or dobutamine therapy on

systemic hemodynamics and oxygen transport. Although dobutamine did have
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positive effects on systemic hemodynamics on its own, it worsened intestinal
tissue perfusion during partial SMA occlusion. The combination of fluid and
dobutamine therapy did not improve tissue perfusion over that achieved with
fluid treatment alone. An impairment of renal function was observed during the
reperfusion period of the experiment. The impairment was most obvious in the

control groups and in animals treated with dobutamine alone.

Based on the present study it can be concluded that:

1. intestinal ischemia evaluated by the increase in portal venous -arterial lactate
gradient above mean + 2SD of baseline developed at 70 % occlusion level.

2. changes in systemic hemodynamics, oxygen transport variables and PCO,
gradients were not able to detect the development of intestinal ischemia.

3. dobutamine had positive effects on systemic hemodynamics which were
further enhanced by fluid therapy. However, dobutamine, when administered
alone, worsened the intestinal ischemia caused by superior mesenteric artery
occlusion. The deterioration of mucosal perfusion was mirrored by the
decreased intramucosal pH and increased portal venous -arterial lactate
gradient. Intestinal ischemia did not modify the effects of fluid or

dobutamine therapy on systemic hemodynamics and oxygen transport.

4. an impairment of renal function was observed during the reperfusion period
of the experiment. The changes in renal function were modest during fluid
treament. Dobutamine alone decreased diuresis and increased serum and

urine creatinine concentrations.
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