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Abstract

Inadequate splanchnic perfusion is associated with increased morbidity and mortality, particularly if
liver dysfunction coexists. Heart failure, increased intra-abdominal pressure, haemodialysis and the
presence of obstructive sleep apnoea are among the multiple clinical conditions that are associated
with impaired splanchnic perfusion in critically ill patients. Total liver blood flow is believed to be
relatively protected when gut blood flow decreases, because hepatic arterial flow increases when
portal venous flow decreases (the hepatic arterial buffer response [HABR]). However, there is
evidence that the HABR is diminished or even abolished during endotoxaemia and when gut blood
flow becomes very low. Unfortunately, no drugs are yet available that increase total hepato-splanchnic
blood flow selectively and to a clinically relevant extent. The present review discusses old and new
concepts of splanchnic vasoregulation from both experimental and clinical viewpoints. Recently

published trials in this field are discussed.
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Under conditions of low systemic blood flow or haemor-
rhage, perfusion of vital organs is maintained at the
expense of perfusion of visceral organs [1-3]. If blood flow
to the splanchnic tissues is sufficiently low, ischaemia and
(if it is prolonged) tissue damage and necrosis may occur.
As a result of splanchnic ischaemia the gut may become
permeable, and endotoxin and other bacterial products can
pass through the gut wall into lymph nodes and blood
vessels [4,5], thereby causing injury to local and distant
organs [6,7]. The splanchnic organs may also be at risk in
septic shock, even when splanchnic blood flow is normal
or elevated, because of a major increase in metabolic
demand [8,9].

There are only a few methods with which to measure
splanchnic perfusion in the clinical setting, and interpretation
of the obtained results can be difficult. Once detected, the
treatment of splanchnic ischaemia is not straightforward
[10]. There is no drug available that selectively improves
splanchnic perfusion in a clinically significant way. On the
other hand, a number of drugs may actually worsen splanch-
nic perfusion and/or metabolism [11,12].

The present review discusses important pathophysiological
aspects of splanchnic vasoregulation and presents recently
published experimental and clinical trials in the field of
impaired splanchnic blood flow and metabolism.

Splanchnic perfusion in low-flow states and
mechanisms of impairment

A number of studies have demonstrated disproportionately
impaired perfusion of the gut and colon in low-flow states
[1-3,13-15]. However, redistribution of blood flow away from
the splanchnic organs has been demonstrated mainly in exper-
imental haemorrhagic shock. We [16] and others [17] have
provided evidence that blood flow to the splanchnic region is
reduced in proportion to systemic blood flow under different
conditions of low cardiac output. Varying study conditions and
consequent pathophysiological reactions may explain these
inconsistent findings. Nevertheless, there is evidence that
even a reduction in splanchnic blood flow in proportion to
other regional flows may have severe consequences.

The vasoconstrictive response to circulatory shock is medi-
ated by the sympathetic nervous system, the renin—

CPB = cardiopulmonary bypass; HABR = hepatic arterial buffer response.



angiotensin system and vasopressin [14]. When o-adrener-
gic receptors on postcapillary mesenteric venules and veins
are stimulated, the resulting autotransfusion will improve the
performance of the heart by increasing cardiac filling. Selec-
tive vasoconstriction of the afferent mesenteric arterioles
serves to sustain systemic vascular resistance and therefore
to maintain arterial blood pressure. This response is depen-
dent to a limited degree on the sympathetic nervous system,
but is mainly mediated by the renin—angiotensin axis and
vasopressin [14]. This has recently been demonstrated in
pigs, in which sustained periods of cardiac tamponade after
mild haemorrhage followed by resuscitation were associ-
ated with selective splanchnic vasospasm and ischaemic
hepatic injury [13]. These manifestations of splanchnic
vasoconstriction and the resulting biochemical and histolog-
ical signs of postischaemic liver injury were not ameliorated
by o-adrenergic blockade, but were attenuated either by
prior nephrectomy or by angiotensin-converting enzyme
inhibition. Similar results were reported during graded
haemorrhagic shock [15].

Mechanisms of inadequate splanchnic blood
flow in septic states

Splanchnic tissue oxygenation may also be at risk in septic
shock, even though total hepato-splanchnic blood flow may be
normal or elevated. This is due to a major increase in meta-
bolic demand, reflected by increased tissue oxygen consump-
tion and impaired oxygen extraction [8,9]. The increase in
oxygen consumption has been related to cytokine production
[18] and to diversion of oxygen to the generation of reactive
oxygen species [19]. It has been proposed that the relative
hypoxia of mesenteric organs during sepsis may actually
account for a large proportion of the vasodilatation that is seen
in this condition.

Dangers associated with inadequate
splanchnic blood flow

Low blood flow to the gut with and without reperfusion is
associated with increased permeability of the gut wall [20],
endotoxaemia, presence of bacteria in abdominal lymph
nodes and the thoracic duct [4,5], and possibly bacteraemia
[21]. Furthermore, leucocyte-activating factors are released
during ischaemia and reperfusion of splanchnic organs [22].
Inadequate splanchnic perfusion is associated with multiple
organ failure and death [23,24]. However, studies have
failed to demonstrate this complete sequence of events in
humans. Nevertheless, low gastric mucosal pH is clearly
associated with increased morbidity and mortality in critically
ill patients [24-271].

Another line of evidence for the deleterious effects of inade-
quate splanchnic perfusion comes from sepsis trials. Liver
dysfunction was associated with a markedly higher mortality
rate [28], and the ability to increase splanchnic oxygen
delivery in septic conditions correlated with a lower mortal-
ity rate [29].
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When is the splanchnic region at risk for
inadequate perfusion?

Compromised cardiac function is a main reason why blood
flow becomes inadequate in critically ill patients. This may be
particularly true when the metabolic demands are increased,
for example after cardiac surgery. Such patients may already
exhibit signs of tissue hypoxia when they arrive in the inten-
sive care unit after cardiopulmonary bypass (CPB). A recent
retrospective study attempted to identify risk factors for peri-
operative hyperlactataemia in 124 patients after elective
cardiac surgery with extracorporeal bypass [30]. Patients
with increased postoperative lactate concentrations had
longer CPB times and lower blood pressures in the initial
phase of extracorporeal circulation. Hyperlactataemia in such
patients may have been the result of increased lactate pro-
duction, decreased lactate uptake by the liver and other
organs, or a combination of both. In animals subjected to low
cardiac output [16] mesenteric, but not prehepatic, lactate
exchange increased; this suggests that splanchnic tissue
supplied by the coeliac trunk (e.g. spleen, pancreas, duode-
num) is able to utilize or store lactate. Hyperlactataemia
during low systemic perfusion was found to be a result of
both an increased lactate production and a lack of ability to
increase hepatic lactate uptake [16].

Tissue hypoxia in patients during CPB may be induced by low
blood pressure or by insufficient tissue perfusion due to
limited pump flow, or both. The relative importance of flow
versus pressure in splanchnic perfusion during CPB was
recently studied in rabbits [31]. Simultaneous measurements
of tissue blood flow in four different splanchnic areas (gastric,
jejunum, ileum, liver) were taken using laser Doppler flow-
metry before and during CPB. Blood pressure and flow were
maintained high or low in random order. The flow was better
preserved in all organs but the liver when CPB flow was high,
and this was independent of the pressure. Hence, it seems
reasonable to focus more on preserving CPB flow rather than
pressure to avoid splanchnic ischaemia during CPB. In
humans undergoing elective coronary artery bypass grafting,
jejunal mucosal perfusion appeared to be well maintained
during mild hypothermic CPB, when pump flow was main-
tained at around 2.5 I/min per m? [32].

Blood flow may become insufficient after cardiac surgery
because of increasing metabolic demands in combination
with compromised myocardial function. We measured sys-
temic, splanchnic and femoral blood flows, metabolism, and
markers of the adequacy of tissue perfusion in 17 patients
after elective cardiac surgery, from arrival in the intensive care
unit until extubation [33]. Cardiac output and femoral blood
flows increased by 12% and 28%, respectively, whereas the
fraction of cardiac output distributed to the splanchnic region
decreased by 20%. At the same time, splanchnic oxygen
extraction increased by 16%. In certain patients splanchnic
oxygen extraction was in the range at which signs of organ
dysfunction or damage are likely to occur [34,35]. Hepatic



Critical Care  August 2002 Vol 6 No 4  Jakob

Figure 1
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17 patients after cardiac surgery. Data points are pooled values from
three different time points from arrival to the intensive care unit until
extubation. (Adapted from [33].)

venous lactate : pyruvate ratio was high after admission to the
intensive care unit and decreased subsequently (Fig. 1). The
high splanchnic lactate : pyruvate ratios at admission to the
intensive care unit resulted from low pyruvate rather than high
lactate levels, and are therefore unlikely to indicate anaerobic
metabolism. On the other hand, only excessive anaerobic
mesenteric metabolism or frank liver hypoxia will result in sys-
temic hyperlactataemia because of the high lactate extraction
capability of the liver. Initially high concentrations of glu-
tathione transferase-o. decreased during the postoperative
period, and indocyanine green extraction was well preserved.
It is likely that the observed increase in splanchnic oxygen
extraction was sufficient to compensate for the lack of
increase in blood flow and to maintain aerobic metabolism
and cellular integrity in the splanchnic region in these patients
with a normal cardiac reserve.

Surgical, medical and nursing procedures in critically ill
patients may also interfere with the ability to maintain ade-
quate systemic and regional oxygen delivery. We recently
showed that haemodialysis with ultrafiltration is associated
with a significant reduction in systemic, splanchnic and
femoral blood flows [36]. Nine patients with acute renal
failure and stable systemic haemodynamics were studied.
The need for extracorporeal renal replacement therapy was
defined as excess of extracellular water and insufficient
urinary output despite the use of diuretic drugs; serum urea
concentration greater than 20 mmol/l; and creatinine concen-
tration greater than 400 umol/l. Haemodialysis was per-
formed according to standard clinical practice, and
hypotension (systolic blood pressure <90 mmHg) was
treated by reducing the filtration rate and infusion of
100-200 ml Ringers acetate if necessary. Systemic, hepato-

splanchnic and femoral haemodynamics and oxygen trans-
port, and gastric mucosal partial carbon dioxide tension were
measured before haemodialysis, 2 hours after initiating a 4-
hour period of haemodialysis, and again 2 hours after comple-
tion of haemodialysis.

The median amount of fluid removed during 4 hours of
haemodialysis was 2000 ml (range 300-2500 ml) [36].
Haemodialysis was associated with a parallel decrease in
cardiac output, stroke volume and splanchnic blood flow
despite stable arterial blood pressure. All flows returned to
baseline values after dialysis without therapeutic interven-
tions, suggesting that this mode of renal replacement therapy
induces acute but only temporary reduction in splanchnic
perfusion in intensive care patients with stable haemodynam-
ics. In such patients haemodialysis can therefore still be rec-
ommended. However, the systemic and regional response to
acute intermittent haemodialysis may be different in patients
who are hypotensive or who need vasoactive drugs to main-
tain a sufficient blood pressure. These patients may not toler-
ate intermittent haemodialysis.

The abdominal compartment syndrome is another clinical
condition during which splanchnic blood flow is at risk
(recently reviewed by Morken and West [37]). It may occur
under various surgical and medical conditions, such as blunt
and penetrating abdominal trauma, retroperitoneal haemor-
rhage, ruptured abdominal aortic aneurysm, peritonitis and
pancreatitis, among others. Inadequate gastric mucosal per-
fusion has recently also been described in patients with
obstructive sleep apnoea [38] and during periods of weaning
from mechanical ventilation [39,40].

Mechanisms to preserve hepato-splanchnic
blood flow

In contrast to the gut, the liver is believed to be relatively well
protected against hypoperfusion because of the HABR [41].
The HABR describes the hydrodynamic interaction between
portal venous and hepatic arterial blood flow. Table 1 summa-
rizes important findings of studies in HABR [41-47]. When
mesenteric and, consequently, portal venous blood flow
decreases, hepatic arterial blood flow increases. The com-
pensation of hepatic arterial blood flow for the decreased
portal venous blood flow is in the range 20-30% [41,46,48].
Compensation in terms of oxygen delivery is substantially
higher because of the much greater oxygen content in the
hepatic artery as compared with the portal vein. The current
concept is the adenosine washout hypothesis; namely,
adenosine in the Mall's space is washed out when portal
venous blood flow is normal but not when it is low. Under
these circumstances, adenosine causes hepatic arterial
vasodilatation [41]. It has been shown that liver oxygen
supply is maintained during haemorrhage until the blood loss
exceeds 30% [49]. The HABR is abolished early during
endotoxaemia and recovers partially after several hours
[47,50-52].
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Important studies on hepatic arterial buffer response, with main findings

Reference Species Main finding

Lautt (1985) [41] Cat Antagonism of HABR by the adenosine antagonist 8-phenyltheophylline

Lautt et al. (1988) [42] Cat Hepatic arterial vascular response to intravenous drugs dependent on direct action of
the drug on hepatic artery and on indirect effects of drug-induced changes in portal
venous blood flow

Lautt and McQuaker (1989) [43] Cat Protective dilatation of hepatic artery during haemorrhage is mediated by adenosine

Lautt et al. (1990) [44] Cat During high portal venous blood flow, hepatic artery is nearly fully constricted; during low
portal venous blood flow, hepatic artery is nearly fully dilated

Henderson et al. (1992) [45] Human Intact HABR in liver transplant patients

Ayuse et al. (1994) [46] Pig Change in portal venous blood flow alters hepatic arterial resistance upstream from the
site of a constant arterial back pressure

Ayuse et al. (1995) [47] Pig HABR is abolished during endotoxaemia independently of nitric oxide or o-adrenergic

receptor antagonists

HABR = hepatic arterial buffer response. Adapted from Jakob [10].

We tested the HABR under conditions of low mesenteric
blood flow in pigs [63]. A total of 14 animals were random-
ized either to partial superior mesenteric artery occlusion or
to serve as controls. Superior mesenteric artery flow was
reduced by a clamp to a median flow of 2 ml/kg per min
(range 1-3 ml/kg per min) for 120 min in ischaemic animals.
After 2 hours the clamp was released and the measurements
were continued for another 60 min. The HABR was assessed
four times at hourly intervals during ischaemia and reperfusion
by acute and intermittent reduction in portal vein blood flow.
The absolute increase in hepatic arterial blood flow in response
to portal vein occlusion decreased significantly during
ischaemia. A decrease in the efficiency but not an exhaustion of
the HABR was also seen in control animals. During reperfu-
sion, hepatic arterial blood flow changes induced by portal vein
occlusion increased again. We hypothesize that the repeated
ischaemia/reperfusion events caused by testing the buffer
response may have interfered with hepatic adenosine produc-
tion or transport. Alternatively, an effect of the surgical proce-
dure and anaesthesia may have contributed to the observed
changes in both groups of animals.

The exhaustion of the HABR has important clinical implications.
If a reduction in splanchnic blood flow has already resulted in a
compensatory increase in hepatic arterial blood flow, then an
acute further decrease in splanchnic blood flow may no longer
be compensated for by the HABR, especially when systemic
blood flow and/or pressure decrease concomitantly.

Our experimental design, which is similar to that employed by
most investigators to test the HABR, may modify both quanti-
tative and qualitative aspects of the HABR elicited under con-
ditions of low systemic blood flow. This is because clamping
the superior mesenteric artery results in increased systemic
vascular resistance and increased perfusion pressure across

the coeliac trunk—hepatic artery axis. If the systemic blood
flow is low, then a low coeliac trunk blood flow may not
increase sufficiently to compensate for an acute decrease in
portal venous blood flow.

In order to address this question, we designed a study in which
systemic blood flow was decreased in two steps by cardiac
tamponade [16]. At baseline and every 30 min thereafter, the
portal vein was intermittently occluded. Cardiac output
decreased by 21% and 55% and systemic arterial blood pres-
sure by 40% and 649% during the first stage (moderate) and
second stage (severe) of tamponade, respectively, and it
remained constant in a control group. During moderate tam-
ponade, hepatic arterial blood flow increased in both groups by
approximately 50%. During severe tamponade hepatic arterial
blood flow decreased in tamponade animals. Nevertheless,
fractional splanchnic blood flow was preserved. The acute
compensation of hepatic arterial blood flow for a decrease in
portal venous flow decreased during moderate tamponade and
disappeared during severe tamponade. These data demon-
strate that the liver is only initially protected during low systemic
perfusion. Later, the HABR is exhausted. In the same experi-
ment, we demonstrated that the splanchnic organs are not
among the first to produce lactate because fractional splanch-
nic blood flow is preserved. In contrast, the capacity of the liver
to increase lactate uptake was exhausted early.

Is splanchnic blood flow impaired in low
blood pressure?

It has been proposed that decreasing arterial blood pressure
is associated with impaired perfusion of splanchnic organs
and disturbed cellular integrity [54]. Andel and coworkers
[55] tested the effect of deliberate hypotension on splanchnic
perfusion balance with the use of either isoflurane or a combi-
nation of esmolol and nitroglycerin. Sixteen anaesthetized
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patients undergoing elective maxillofacial surgery were ran-
domly allocated to one of the two drug regimens. Systolic
blood pressure was decreased to approximately 30% below
preoperative values while maintaining mean arterial blood
pressure at levels greater than 50 mmHg. Gastric tonometers
were used to assess the adequacy of mucosal perfusion, and
arterial lactate was measured in order to assess the overall
adequacy of oxygen delivery. Those investigators found that
neither method that had been used to decrease blood pres-
sure compromised splanchnic tissue oxygen balance in these
patients. Overall organ perfusion was sufficient in both
groups because none of the patients demonstrated an
increase in blood lactate concentration. Maintaining arterial
blood pressure above 50 mmHg in defined patient groups
therefore appears to be safe in terms of splanchnic tissue
oxygenation if hypovolaemia is prevented.

Gastric mucosal pH in early goal-directed
therapy for critically ill patients

In 1992 Gutierrez and coworkers [58] proposed the use of
treatment titrated against gastric intramucosal pH in the man-
agement of critically ill patients. However, three consecutive
studies did not confirm these findings [57-59]. The trial by
Gutierrez and coworkers has been criticized because of the
unexplained high mortality in the control group, in which no
attempts were made to standardize the treatment. It is impor-
tant to realize in this context that changes in gastric intramu-
cosal pH do not necessarily reflect similar changes in
hepato-splanchnic blood flow.

How can the splanchnic blood flow be
increased?

Recently, the haemodynamic effects of fenoldopam (a
dopamine-1 receptor agonist) were studied before and after
induction of splanchnic ischaemia by haemorrhage [60]. After
haemorrhage, this drug restored portal vein blood flow to
near baseline, maintained the splanchnic fraction of cardiac
output, and attenuated the rise in gut mucosal partial carbon
dioxide tension. Fenoldopam also redistributed the blood flow
away from the serosal to the mucosal layer both at baseline
and during haemorrhage. Whether this drug also exerts its
beneficial effects under clinical conditions of low splanchnic
blood flow has yet to be demonstrated.

In patients with septic shock, dobutamine was compared with
the phosphodiesterase inhibitor enoximone [61]. In 48
patients either one of the drugs was infused randomly after
fluid resuscitation. Liver blood flow was estimated using the
continuous indocyanine green infusion technique and hepatic
venous catheterization. Liver function was assessed using
monoethylglycine xylidide formation after lidocaine injection,
and inflammation was quantified by release of hepatic tumour
necrosis factor-o.. Cardiac output and total hepato-splanchnic
blood flow increased in both groups after 12 and 48 hours of
the respective drug infusions. The fractional hepato-splanch-
nic blood flow decreased slightly in dobutamine-treated

patients and remained unchanged in the enoximone group.
Hepato-splanchnic oxygen consumption and release of
tumour necrosis factor-o. were increased in both groups after
12 hours of vasoactive drug infusion, but arterial monoethyl-
glycine xylidide concentrations increased only in the enoxi-
mone group. Because of methodological problems in that
study (lack of control patients, incomplete assessment of
monoethylglycine xylidide kinetics and multiple comparisons
without correction), it is hard to conclude whether one drug is
superior to the other in terms of preserved liver function or
attenuation of inflammation.

Even relatively small increases in intra-abdominal pressure
during carbon dioxide laparoscopy are associated with
impaired systemic, portal venous and hepatic arterial blood
flow [62]. Although small doses of dobutamine appear to
restore gut mucosal perfusion and improve hepatic arterial
blood flow in this setting, total hepato-splanchnic blood
flow cannot be maintained with either dobutamine or
dopamine [62].

Dopamine is used to support cardiac output and blood pres-
sure in patients with cardiac failure and septic shock [63,64].
Dopamine at a low rate is still frequently used in patients with
renal failure, with the aim of increasing both renal perfusion
and urinary output, although there is a lack of data demon-
strating subsequent improvement in renal function [65,66].
We measured the effects of dopamine on systemic and
splanchnic blood flow and metabolism in septic and cardiac
surgery patients [12]. Dopamine infusion was started at a
dose of 1 ug/kg per min and then gradually increased until
the thermodilution cardiac output was 25% higher than at
baseline. Dopamine infusion (1-9 ng/kg per min) caused a
parallel increase in systemic and splanchnic blood flow.
Although systemic oxygen consumption did not change in
either group, splanchnic oxygen consumption decreased sig-
nificantly during dopamine infusion in septic patients and
increased in cardiac surgery patients.

A decrease in splanchnic oxygen consumption during
dopamine infusion has recently been reported in patients with
acute hepatic failure [67]. A reduction in hepato-splanchnic
oxygen uptake despite an increase in regional perfusion may
indicate blood flow redistribution. Alternatively, some meta-
bolic functions of the hepato-splanchnic region may have been
impaired. Dopamine may directly inhibit isoenzymes of the
cytochrome P450 complex [68]. The different effects of
dopamine infusion on splanchnic oxygen consumption in the
two patient groups could possibly be explained by different
baseline activities of P450 isoenzymes. The indications and
safety of dopamine in sepsis should therefore be re-evaluated.

Conclusion

Inadequate splanchnic perfusion in critically ill patients is
associated with increased morbidity and mortality. The under-
lying pathophysiological mechanisms are still not well under-



stood. Splanchnic blood flow may become insufficient as a
result of a multitude of different diseases and treatment
modalities. Splanchnic vasoregulation is complex and is also
altered by disease and treatment. Unfortunately, many of the
available monitoring tools for hepato-splanchnic blood flow
and metabolism are difficult to apply in the clinical setting,
and interpretation of the results obtained is not straightfor-
ward. Thus, concepts of splanchnic resuscitation are not
established. Future research projects should focus on the
interplay between the physiological regulatory mechanisms in
splanchnic organs, disease and treatment.
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