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ABSTRACT 

Background and aims: Lung recruitment maneuvers (brief episodes of high 
airway pressure) are a modern treatment alternative to achieve open lung 
conditions under mechanical ventilation of patients with acute lung injury. It is 
well known that positive pressure ventilation with high airway pressures cause 
negative circulatory effects, and that the effects on regional vascular beds can be 
even more pronounced than the systemic effects. Hypoperfusion of the mesenteric 
vascular bed can lead to tissue ischemia and local inflammation. This intestinal 
inflammation has been associated with subsequent development of multiple organ 
dysfunction syndrome, a syndrome that still carries a high mortality and is a 
leading cause of death for intensive care patients. The aim of this thesis was 
therefore to investigate whether lung recruitment maneuvers would cause negative 
effects on mesenteric circulation, oxygenation or metabolism.  
Methods and results: In an initial study on ten patients with acute lung injury, we 
could demonstrate a trend towards a decreased gastric mucosal perfusion during 
three repeated lung recruitment maneuvers. To more closely examine this finding, 
we set up an oleic acid lung injury model in pigs, and in our second study we 
established that this model was devoid of inherent intestinal effects and was 
adequate for subsequent studies of intestinal effects of lung recrutiment maneuvers. 
In the acute lung injury model, we also tested the effect of an infusion of a 
vasodilating agent concurrent with the recruitment maneuvers, the hypothesis being 
that a vasodilating agent would prevent intestinal vasoconstriction and 
hypoperfusion. We could show that three repeated lung recruitment maneuvers 
induced short term negative effects on mesenteric oxygenation and metabolism, but 
that these findings were transient and short lasting. Further, the effects of 
prostacyclin were minor and opposing. These findings of relative little impact on 
the intestines of lung recruitment maneuvers, lead us to investigate the hypothesis 
that repeated recruitment maneuvers maybe could elicite a protective intestinal 
preconditioning response, a phenomenon previously described both in the rat and 
in the dog. However, in our fourth study, using both classical ischemic 
preconditioning with brief periods of intestinal ischemia or repeated lung 
recrutiment maneuvers, we could not demonstrate the phenomenon of intestinal 
preconditioning in the pig. 
Conclusions: We conclude, that from a mesenteric point of view, lung recruitment 
maneuvers are safe, and only induce transient and short lasting negative effects. 
We also conclude that the cause of the minor effects of lung recruitment maneuvers 
is not dependent on intestinal preconditioning. 
Key words: Acute lung injury, oleic acid lung injury, mechanical ventilation, lung 
recruitment, splanchnic circulation, laser Doppler flowmetry, tissue oxygen tension, 
microdialysis, lactate, glycerol, ischemia, reperfusion injury, swine. 
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"Yond Cassius has a lean and hungry look, 
He thinks too much; such men are dangerous."  

Julius Caesar, Scene I, Act III, Shakespeare 
 

 

INTRODUCTION 

 

The history and evolution of mechanical ventilation 

Ancient history 
Even to prehistoric man, breathing must have been intimately connected with 

life. The warm and regular breath of the living, suddenly ceasing as death strikes, 
must have been observed and pondered on by prehistoric man.  In many religious 
myths, describing the creation of man, this insight is well documented. In Egyptian 
mythology, the goddess Isis resurrects Osiris with the breath of life;  

 
“she made light with her feathers, she made air come into her 
being with her wings, and she uttered cries of lamentation at 
the bier of her brother. She stirred up from his state of inactivity 
him whose heart was still.”1  

 
In Christian mythology several early references can be found; 
 

“Thou takest away their breath, they die, and return to their 
dust”2  

 
“the Lord God formed the man from the dust of the ground and 
breathed into his nostrils the breath of life, and the man became 
a living being.”3  

 
A more imaginative story is told in Snorre´s Edda describing the Nordic 

mythology, where the gods themselves are created from the warm breath of the 
cow Audhumbla;  

 
“The next thing was that when the rime melted into drops, there 
was made thereof a cow, which hight Audhumbla. Four milk-
streams ran from her teats, and she fed Ymer. Thereupon asked 
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Ganglere: On what did the cow subsist? Answered Har: She 
licked the salt-stones that were covered with rime, and the first 
day that she licked the stones there came out of them in the 
evening a man's hair, the second day a man's head, and the 
third day the whole man was there. This man's name was Bure; 
he was fair of face, great and mighty, and he begat a son whose 
name was Bor.” 4 

 
Early evidence of resurrection can also be found in the Bible, where this 

passage might be thought of as describing artificial ventilation;  
 

“Then he got on the bed and lay upon the boy, mouth to mouth, 
eyes to eyes, hands to hands. As he stretched himself out upon 
him, the boy’s body grew warm.”5  

 
This has however been questioned by Trubuhovich6, who instead finds two 

other historical sources of early resuscitation more credible. There is a deeply 
rooted Hebrew tradition, that Hebrew midwives during the Egyptian captivity 
period (1300 BC) utilised mouth to mouth resuscitation for newborn, possibly 
referred to in the Bible, and reported on by Rosen and Davidson7. There is also an 
often cited passage in the Babylonian Talmud (200 BC – 500 AD) that reads; 

 
“How may we assist? Rab Judah said: The newborn [calf, 
lamb, etc] is held so that it should not fall on earth. Rab 
Nahman said: The flesh is compressed in order that the young 
should come out. It was taught in accordance with Rab Judah. 
How do we assist? We may hold the young so that it should not 
fall on the ground, blow into its nostrils [to clear them of their 
mucus]”8 

 
This passage describes the clearing of the airway of newborn animals, but it is 

not farfetched to assume that this practice also was applied to newborn infants as 
well. 

•
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Figure 1.  Reprinted from Falimirski M, Operative Techniques in General Surgery, (2003). 

 
Surgical clearing of the airway, tracheotomy, using reeds in the windpipe 

through a hole in the skin, seems to have been known already by the Egyptians in 
1550 BC9. It is possible that a depiction of a tracheotomy is found on Egyptian 
tablets dating back to 3600 BC during the First Dynasty. Examining the depiction 
on the slab, the angle of the knife and the relative positions of the surgeon and 
patient suggests that it is a surgical procedure, and not a ritual execution (Figure 1). 
Homer (700 BC) is said to have described the relief of choking persons by cutting 
the trachea open10. Also, Alexander the Great is rumoured to have performed a 
surgical tracheotomy on one of his soldiers choking on a bone (400 BC). The first 
surgeon credited for performing tracheotomies routinely for upper airway 
obstruction is Aesclepiades of Bithynia (100 BC)11. 

 
Discovering the true purpose of circulation and respiration 

Even though the realization that breathing is essential to life is ancient, and 
documented as early as 1550 BC, the needed understanding of physiology that 
would allow effective treatment and resuscitation would have to wait thousands of 
years before its time. Hippocrates stated that the purpose of breathing was to cool 
the heart, a view also held by Aristotle. Erasistratus (300 BC) improved the theory 
by stating that respiration served the purpose of providing air to the left ventricle, 
where it was transformed to vital spirit and transported in air filled arteries to 
different organs. Galen, a Greek physician (AD 130) further improved the theory, 
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but still failed to discover the circular nature of blood flow and the real purpose of 
respiration. In his animal experiments, he artificially ventilated the lungs of dead 
animals with bellows, and must have been very close to the idea of actually 
ventilating dying animals1, thereby temporarily reviving them. It would be almost 
1400 years more before Vesalius in 1543 performed artificial ventilation on 
animals after thoracotomy; 

 
“But that life may in a manner of speaking be restored to the 
animal, an opening must be attempted in the trunk of the 
trachea, into which a tube of weed or cane should be put; you 
will then blow into this, so that the lungs may rise again and the 
animal take in air”12.  

 
Finally, almost 100 years later, Harvey correctly describes the continuous flow 

of blood through the heart and lungs;  
 

“... that the blood passes through the lungs and heart by the 
force of the ventricles, and is sent for distribution to all parts of 
the body, where it makes it ways into the veins and porosities of 
the flesh, and then flows by the veins from the circumference on 
every side to the centre, from the lesser to the greater veins, and 
is by them finally discharged into the vena cava and right 
auricle of the heart ...” 

 
in his thesis “Exercitatio Anatomica de Motu Cordis et Sanguinis in 

Animalibus” published 1628. By doing so, Harvey had cleared the path for future 
treatments relying on physiologically sound basis. 

 
Resuscitation and positive pressure ventilation 

The first reported successful resuscitation using artificial ventilation and the 
mouth to mouth technique was that of Tossach in 1744. He reports on the 
resuscitation of John Blair, a coal miner that apparently lifeless was brought up to 
the surface from the mine one hour and three quarters after having been stricken ill; 
 

“... and not the last breathing could be observed; So that he was 
in all appearance dead. I applied my mouth close to his, and 
blowed my breathe as strong as I could, but having neglected to 
stop his nostrils all the air came out at them; wherefore taking 
hold of them with one hand and holding my other on his breast 
at the left pap I blew again my breath as strong as I could, 
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raising his chest fully with it; and I immediately felt six or seven 
very quick beats of the heart; his Thorax continued to play, and 
the pulse was felt soon after in the arteries”6, 13 

 
Many physicians of the time, however, felt that this technique was inelegant, 

undignified, and beneath them. Research using bellows and tracheal cannulation 
was ongoing and the surgeon Pugh reports 1754 on the use of tracheal cannulas 
(made of tightly coiled common wire covered with thin soft leather) for neonatal 
laryngeal intubation14. The operator would then blow down the tube, thereby 
resuscitating the newborn. Other authors also describe the use of bellows for 
inflating the lung, inserted into the mouth or nostrils, with or without laryngeal or 
tracheal cannulas15. On the other hand, the proponents of mouth to mouth method, 
foremost amongst them Fothergill, listed the advantages of this method over the 
competing bellows method as follows; 

 
“1st, As the bellows may not be at hand: 2dly, As the lungs of 
one man may bear, without injury, as great a force as those of 
another man can exert; which by the bellows cannot always be 
determin´d: 3dly, The warmth and moisture of the breath would 
be more likely to promote circulation, than the chilling air 
forced out of a pair of bellows”16, 17 

 
The humane societies 

During the eighteenth century, drowning was a common cause of traumatic 
death, and societies were formed to help prevent drowning and promote 
resuscitative efforts. These societies become known as the humane societies, and 
the first was established in Amsterdam in 1767, known as the Society for the 
recovery of the drowned persons. In 1793 the Society report shows that over 25 
years 990 lives had been saved, using amongst other techniques artificial 
ventilation with the mouth to mouth method, with an impressive 50% survival rate 
during the last nine years. Similar societies were soon formed in the major cities all 
over Europe, the Royal Humane Society formed in London in 1774. Hunter in 
1776 suggested the use of paired bellows for both inflating and sucking air in and 
out of the lungs15. Bellows ventilation was now the preferred method, in part 
because of an evolving physiological understanding of breathing. Black discovered 
1754 that expired air contained a poisonous gas called fixed air (later identified as 
carbon dioxide CO2)18. The physiological relevance of this discovery however, 
seems not initially to have been fully appreciated, and not used to propose bellows 
ventilation over mouth to mouth. With the discovery of oxygen by Priestley and 
Scheele, the evolving technique of tracheal intubation (leakage was prevented by 
wedging the tube in laryngeal inlet, cuffed endotracheal tube was invented first in 
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the late nineteenth century), and the technical development of bellows and pistons 
used for ventilation, resuscitation with mouth to mouth ventilation was gradually 
outmoded in the late eighteenth century. Hunter actually suggested the use of 
oxygen during resuscitation with bellows ventilation15.  

 
The ban of positive pressure ventilation 

Concerns over risks with overzealous bellows ventilation was however raised 
during the early nineteenth century. In 1827 and 1828 Leroy demonstrated that 
vigorous bellows ventilation of drowned dogs, could cause emphysema and fatal 
pneumothorax19,20. The French Academy quickly abandoned the technique of 
bellows ventilation, and the Royal Humane Society soon followed1. Positive 
pressure ventilation was now banned, and would not seriously rise up as a 
contender to other techniques in more than a hundred years. 

 
Negative pressure ventilation 

As positive pressure ventilation was considered unsafe, alternative methods for 
artificial ventilation were developed during the nineteenth century. By enclosing 
the body in a tank, leaving the head or mouth outside, and creating intermittent 
negative pressure inside the tank, ventilation could be achieved. The first 
documented trials with this technique dates back to 1832, and many improvements 
of the technique were developed during the nineteenth and early twentieth 
century21-23. The main disadvantage of the negative pressure tank ventilator or iron 
lung, that access to the patient for nursing was very cumbersome, could not be 
overcome though. To try to work around this problem, cuirass (or shell) ventilators 
only covering parts of the thorax and abdomen of the patients were developed, but 
proved less efficient. Sauerbruch constructed a negative pressure chamber in 1904, 
which was used for ventilation of patients undergoing thoracic surgery (with the 
surgeon and staff working inside the chamber). This idea was far to technically 
complicated, and never proved practical. The Drinker-Shaw iron lung constructed 
in 1928 was the first ventilator that gained widespread clinical acceptance, and was 
used to treat patients with polio. In 1931, the Emerson tank ventilator was 
introduced, and soon become the state of the art ventilator, that held its position 
until the reintroduction of positive pressure ventilation in the 1950:es21,24. 

 
The return of positive pressure ventilation 

During the late nineteenth century, techniques and apparatuses for positive 
pressure ventilation were again being developed. In 1887, Fell reported on using 
foot bellows for ventilation of tracheotomised patients suffering from opium 
poisoning25. The technique was further developed by O´Dwyer who developed a 
tracheal tube and ventilated patients using the same “Fell” apparatus26. In 1894 
Northrup reported on the safety of prolonged positive pressure ventilation in the 
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non-anaesthesia setting27. Pulmonary edema caused by carbolic acid poisoning was 
treated in 1896 by Norton28, and treatment of pulmonary edema in general with 
positive pressure ventilation was described by Emerson29. One of the first Swedish 
reports on the use of positive pressure ventilation was that of Giertz who in 1916 
reports on using this technique for ventilation during thoracic surgery30. It would 
however, not be until the mid 1950:es before the technique of positive pressure 
ventilation once again gained more widespread acceptance. 

 

The history and evolution of intensive care 

The idea of intensive care, that is, close observation and treatment of the 
critically ill, was first established in writing in 1863, when Florence Nightingale 
observed that; 

“It is not uncommon, in small country hospitals, to 
have a recess or small room leading from the operating 
theatre in which the patients remain until they have 
recovered, or at least recover from the immediate effects 
of the operation”31 

 
Hilberman32 described these surgical recovery rooms as the antecedents of the 

modern intensive care unit (ICU). Following the development and increasing 
complexity of the evolving surgical discipline, the surgical recovery rooms were 
replaced with proper postoperative recovery wards. In both the United States and 
Europe there are several early reports of dedicated postoperative wards, for 
example the neurosurgical postoperative recovery at John Hopkins in 1923 and the 
postoperative surgical intensive care unit in Tübingen, Germany in 193033. 

When the polio epidemic hit Scandinavia in 1952, there were established 
techniques available for negative pressure ventilation, and many patients world 
wide had been treated in this fashion. The mortality in paralytic polio was high and 
was reported between 40-80%. In 1950, Bower had reported that more aggressive 
treatment and early use of iron lungs could decrease mortality from 88 to 20%34. 
However, in August 1952, when the epidemic reached Copenhagen, there was only 
one iron lung available (and a few cuirass ventilators). Tracheostomy had been 
tried, but tracheostomy alone without adequate ventilatory support had failed 
miserably, and was not considered useful. In late August 1952, the 
anaesthesiologist Bjørn Ibsen was consulted in the case of a 12 year old girl, being 
ventilated in an iron lung for paralytic polio at Blegdams Hospital, Copenhagen. 
He recognized that the girl was severely hypoventilated, and suggested 
tracheotomy and positive pressure ventilation. The treatment was successful (but 
complicated by bronchospasm, hypovolemic shock and hypoventilation), and very 
soon thereafter the treatment principle of tracheotomy and positive pressure 
ventilation was considered standard treatment35,36. An organisation was quickly 
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established, where all patients with polio in need of respiratory support were taken 
to one of the three wards (with a total of 105 beds) especially set up for this 
purpose. A huge number of personnel (around 250 medical students, and 260 extra 
nurses) were enrolled to hand ventilate the patients in 4 hour shifts. At the peak of 
the epidemic, 50-60 new cases arrived each day, and about a third of these patients 
developed some degree of respiratory impairment. At the epidemic’s worst, 75 
patients were hand ventilated at the same time. These wards were the first 
Scandinavian wards dedicated for treatment of patients with failing vital organ 
function. Further, as a general treatment principle, patients were brought to the 
central hospital early in the course of their disease, by specialized prehospital 
teams, thereby setting an early standard for prehospital care as well. Later in 1953, 
Henrik Ibsen started working in Kommunehospitalet of Copenhagen, where he 
opened a surgical recovery room. In August 1953 this ward was transformed to a 
general intensive care unit, and is often described as the world’s first intensive care 
unit36. However, in Sweden, Åke Bauer opened a surgical recovery room in Borås 
in 1951. The need for the services provided by this unit increased rapidly, and in 
December 1952 the decision was taken to open the unit on an around the clock 
basis and to admit general intensive care patients. The experiences gained were 
reported in a lecture entitled “One year’s experiences with postoperative care and 
intensive care” held at Swedish Anaesthesiology Societies (“Narkosläkarklubben”) 
yearly meeting in 195337. One could therefore argue, that the unit in Borås, was the 
world’s first documented intensive care unit open around the clock admitting both 
surgical and medical patients. 
 

The problems facing modern intensive care 

During the nineteenth century vital medical progress was made. The notion of 
bacterial disease and importance of asepsis together with the development of 
intravenous fluid and drug administration provided huge leaps forward in medical 
science. The contemporary evolution of anaesthesia for surgery necessitated the 
development of skills for managing and supporting vital functions such as airway, 
breathing and circulation. At the beginning of World War I many general 
principles of trauma care was known, such as avoiding hypothermia, fluid 
resuscitation, early wound debridement and fracture immobilization. Despite the 
use of these techniques, many patients succumbed to irreversible wound shock, a 
state of shock caused by hemorrhage and severe anaemia. Following this period the 
necessity of blood transfusions in resuscitation from severe hemorrhagic shock was 
discovered and adequate techniques to this end was soon developed. During World 
War II, the factor limiting survival was no longer irreversible wound shock, but 
instead the wounded developed acute renal failure following the resuscitation 
period. Intensive research following World War II established the role for 
continuous aggressive fluid resuscitation during the initial phase of trauma 
management, to minimise prerenal (hypovolemic) renal failure and renal failure 
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caused by rhabdomyolysis. Approximately 50% of the mortality in the Korean War 
was attributed to late development of renal failure, and the widespread use of 
vigorous fluid resuscitation began first with the Vietnam War38, 39. 

The development of trauma management follows in the footsteps of conflicts 
and wars. In the Vietnam War, new medical problems arose.  Now when patients 
were given adequate blood transfusions and were adequately fluid resuscitated, the 
survival limiting organ was the lung. A clinical syndrome of tachypnea, hypoxia 
and non cardiogenic pulmonary edema, that on autopsy showed the lungs to be 
wet, stiff and hepatized, was observed and termed Da Nang lung. Soon thereafter, 
in their classical paper of 1967, this clinical entity was described by Ashbaugh et al 
as adult respiratory distress syndrome (ARDS)40.  

It was soon discovered, that treatment with artificial ventilation, especially if 
positive end expiratory pressure was utilized, could normalise systemic 
oxygenation and ventilation. Notwithstanding these improvements in trauma 
management, the mortality rate in the newly started ICUs was exceedingly high, 
many patients showing progressive dysfunction or failure of organ system after 
organ system. 

 
Multiple organ failure and multiple organ dysfunction syndrome 

The notion of sequential system failure was first mentioned in 1973, when 
Tilney et al described a syndrome of sequential organ failure after abdominal aortic 
surgery41. He described 18 patients that during a 15 year period (1956-1971) had 
been admitted to their ICU after aortic surgery and subsequently developed renal 
failure. 17 of these patients died, and all of them suffered from multiple organ 
failure, most patients displaying a similar pattern (organ systems failing in the 
order of pancreas, lungs, liver, CNS, gastrointestinal tract and heart). In a classical 
editorial in 1975, Baue described a similar syndrome in three patients with sepsis 
and shock42. The term Multiple Organ Failure (MOF) was coined by Eiseman in 
1977 and the term Multiple System Organ Failure by Fry in 198043,44. A consensus 
conference on systemic inflammation held in 1991, defined a new term, Multiple 
Organ Dysfunction Syndrome (MODS) as more accurately describing the clinical 
situation with a continuum of changes occurring in the organs, and not a 
dichotomous situation of failure versus no failure45. At that time, MODS was 
thought of as a sign of an occult or uncontrolled infection44,46,47, with a primary 
intraabdominal focus. However, in some patients MODS developed despite no 
apparent signs of sepsis and obvious infection control. A new hypothesis evolved 
around the idea that uncontrolled inflammation in general (with or without 
infection) could be the cause. In such a paradigm, MODS would be the end result 
of an integrated process propagating an excessive systemic inflammatory response 
together with an inadequate compensatory anti-inflammatory response.  

Singer et al have proposed that multiple organ dysfunction syndrome instead of 
being seen as a consequence of inflammatory injury should be looked upon as an 
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adequate adaptive response48. This theory is supported by evidence suggesting that 
almost complete recovery of organ and tissue function occurs following resolution 
of the primary illness. 

 
Incidence, scoring and outcome of MODS 

Research during the 1980:es revealed a relationship between mortality, the 
number of failing organs, and the time spent in organ failure45. To better define the 
degree of organ dysfunction, several organ scoring system has been developed, 
with the MODS (multiple organ dysfunction syndrome) and the SOFA (sequential 
organ failure assessment) score being the more popular (Table 1 and Table 2)49,50. 
Repeated or daily assessments of patients using these scores have been shown to 
correlate well to outcome and  mortality51-53. 
 

 
Table 1. MODS score. Each organ system is given an individual score that is summed to yield a total  
score between 0 and 24. 

 

0 4
Respiratory

P/F ratio (kPa) > 40 40 - 30.1 30.0 - 20.1 20.0 - 10.1 < 10
Coagulation

Platelets (109 · L-1) > 120 81 - 120 51 - 80 21 - 50 < 20
Liver

Bilirubin (µmol · L-1) < 20 21 - 60 61 - 120 121 - 240 < 240
Cardiovascular

Pressure adjusted HR < 10 10.1 - 15 15.1 - 20 20.1 - 30 < 30.0
(HR · RAP · MAP-1)

Central nervous system
Glasgow coma scale 15 13 - 14 10 - 12 7 - 9 < 6

Renal
Creatinine (µmol · L-1) < 100 101 - 200 201 - 350 351 - 500 > 500

321

•
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Table 2. SOFA score. Each organ system is given an individual score that is summed to yield a total 
score between 0 and 24. 
 

Mortality in MOF and MODS reported early was generally high, but differences 
in definitions for organ failure or dysfunction have made direct comparisons 
difficult. There seems to be a trend that mortality has decreased for patients with 
one to three organ failure, but for established four or more organ failure mortality 
is still extremely high (Table 3). 
 

 
Table 3. Mortality in multiple organ failure and multiple organ dysfunction syndrome. 

0 4
Respiratory

P/F ratio (kPa) > 53.3 < 53.3 < 40.0 < 26.7 < 13.3
Coagulation

Platelets (109 · L-1) > 150 < 150 < 100 < 50 < 20
Liver

Bilirubin (µmol · L-1) < 20 20 - 31 32 - 100 101 - 203 < 204
Cardiovascular

MAP > 70 < 70.0
Phosphodiesterase inhibitor Any dose
Dobutamine Any dose
Dopamine < 5.0 5.0 -15.0 > 15.0
Epinephrine < 0.1 > 0.1
Norepinephrine < 0.1 > 0.1

Central nervous system
Glasgow coma scale 15 13 - 14 10 - 12 6 - 9 < 6

Renal
Creatinine (µmol · L-1) < 110 110 - 170 171 - 299 300 - 400 > 400
   OR 
Urinary output  (mL · day-1) < 500 < 200

1 2 3

Author, year Fry, 1980 Knaus, 1985 Moore, 1996 Durham, 2002

Patients Emergency Mixed medical Trauma, Trauma, 
surgery surgical ISS >15 ISS >15

Incidence of MOF 7% 15% 15% 7%

Mortality
   Single organ failure 30% 40% 11% 4%
   Two organ failure 60% 60% 24% 32%
   Three organ failure 85% 100% 60% 67%
   Four or more organ failure 100% 100% 62% 90%
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The economical aspect of  MODS 
Modern intensive care is extremely expensive. In an estimation of US costs for 

intensive care from 1992 the total cost of intensive care was 1% of the total 
government expenditure that year. In Umeå University Hospital the total cost of 
intensive care for the year 1991 was 130 million SEK (pers. comm, Mats Karling). 
The average cost for a patient with sepsis and MODS was in 2003 estimated to be 
23,000-29,000 Euro (200,000-250,000 SEK)54, and the cost for one patient 
surviving sepsis at our own institution was 38,500 Euro (350,000 SEK)55. The cost 
of one day intensive care in Umeå is at present approximately 20,000 SEK.  These 
figures illustrate the enormous potential for cost savings that can be gained from 
both preventing MODS and improving the care of MODS patients.  
 
Mechanical ventilation and intensive care 

Since the beginning of modern intensive care in the early 1950:es, respiratory 
support and ventilator treatment with positive pressure ventilation has been one of 
the therapeutic cornerstones. Even before that, however, the negative systemic 
circulatory effects (hypotension and decreased cardiac output) of positive pressure 
ventilation were well known56,57. Further, it had been established that positive 
pressure ventilation with normal tidal volumes (6-8 mL·kg-1) during routine 
anaesthesia led to progressive hypoxemia. This progressive hypoxemia was 
prevented by the use of large tidal volumes (12-15 mL·kg-1) and trials with 
intermittent deep breaths, so called sighs, were performed. Patients with injured 
lungs and more complex respiratory illnesses were treated in the ICUs, and a 
syndrome of acute lung injury was identified and termed ARDS (initially adult 
respiratory distress syndrome, later acute respiratory distress syndrome)40, 58.  

 
Acute lung injury and acute respiratory distress syndrome 

Briefly, the current consensus definition defines acute lung injury (ALI) and 
ARDS as syndromes of increased pulmonary capillary endothelial permeability. 
This increased capillary permeability is hard to measure clinically, and the defining 
criteria therefore just defines the clinical signs of the syndrome (acute onset, 
bilateral diffuse lung disease, moderate or severe hypoxia, no clinical evidence of 
left atrial hypertension or PAOP <18 mmHg). The definitions for ALI and ARDS 
are identical, except for the degree of hypoxia (ALI P/F ratio less than 39.9 kPa, 
ARDS P/F ratio less than 26.6 kPa)58.  

The increased capillary permeability leads to increased extra vascular lung 
water, atelectasis (gravity dependent) and pulmonary edema. According to the 
prevailing hypothesis there is loss of aeration and lung volume in the dependent 
atelectatic regions, but this has been questioned by Hubmayr59. He suggests that 
there is no loss of volume in these areas, but instead the alveoli are fluid filled and 
the volume unchanged. Clinically, this distinction will be of minor importance, but 
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when discussing ventilator induced lung injury there might be different causative 
mechanisms active depending on whether the alveoli are collapsed or fluid filled.  

 Acute lung injury can be subdivided into primary or secondary acute lung 
injury depending on the pathogenesis60. The primary form is elicited by an insult to 
the lung directly, such as pneumonia, and will initially affect the alveolar 
epithelium. The secondary form is caused by a distant disease process causing 
widespread inflammation, such as sepsis, and in those cases the lung injury process 
will start in the pulmonary capillary endothelium. It has been suggested that both 
the radiological disease presentation and the response to recruitment maneuvers 
and positive end expiratory pressure will be different in primary and secondary 
acute lung injury60, 61.  

In Scandinavia ALI and ARDS are not uncommon entities. The incidence of 
ALI was 17.9 cases per 100,000·year-1, and the incidence of ARDS was 13.5 cases 
per 100,000·year-1 reported by Luhr et al in 1999. The 90-day mortality for ALI 
was 42.2% and for ARDS 41.2%. The mortality for a subgroup of patients with 
severe ARDS (Lung injury score >2.5) in this study was 46.5%. Thus, it seems that 
the mortality in these conditions is not related to the degree of lung injury. This 
makes sense if ALI and ARDS are viewed on as early signs of MOF or MODS, 
and that the prognosis for these patients is more dependent on the ability to resolve 
the underlying illness. 

 
Ventilator induced lung injury 

As more patients were treated with mechanical ventilation during the late 
1960:es, a suspicion arose, that mechanical ventilation in itself could be injurious. 
Mead suggested already in 1970 that the explanation for the pulmonary  
haemorrhage and hyaline membranes found in some patients was in fact the 
application of high transpulmonary pressures to an unevenly expanded lung62. The 
term ventilator lung was coined to describe this phenomenon, and intensive 
research on this subject continued.  An early study of Webb and Tierney in 1974 
demonstrated that high tidal volume ventilation in rats could cause acute 
pulmonary edema, and that PEEP exerted a protective effect63. Early researchers 
ascribed the negative effects of mechanical ventilation mainly to either oxygen 
toxicity64 or to high airway pressures causing pulmonary edema, alveolar 
haemorrhage and frank pneumothorax (barotrauma). Later research showed that the 
main determinant of lung injury more likely was the end inspiratory lung volume65, 
which correlates to transpulmonary pressure gradients, of which airway pressure is 
but one determinant (volotrauma). Further, ventilation with low end expiratory 
pressures has been suggested to cause lung injury due to repeated opening and 
closure of atelectatic or collapsed lung tissue (atelectrauma)63,65,66. Other 
researchers have shown that ventilation with high tidal volumes, although not 
necessarily causing macroscopic trauma such as alveolar edema, rupture or 
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haemorrhage, might as well cause a harmful inflammatory reaction with systemic 
spill over of cytokines and endotoxin (biotrauma)67-69.  

 
Ventilatory strategies  

Over time the insight evolved, that mechanical ventilation had to be constantly 
adjusted to match the disease and the frequently changing pathophysiology of the 
patient, to reach acceptable goals for ventilation and oxygenation, but also at the 
same time minimize iatrogenic lung trauma. This was eloquently stated by 
Lachmann 1992 in a famous editorial “Open up the lung, and keep the lung open”, 
a well known intensive care mantra70. Lachmann proposed that the lung should be 
opened with aggressive recruitment maneuvers, and then be prevented from 
collapsing by application of a high positive end expiratory pressure.  

 
Recruitment maneuvers 

The general idea of a recruitment maneuver is to apply a high inspiratory 
pressure (a large tidal volume), and keep the pressure applied long enough for all 
recruitable lung tissue to open up. There are several methods described in the 
literature on how to achieve this end.  

The CPAP method applies various levels of CPAP (35-40 cmH2O) during 30-40 
seconds. Grasso et al and Amato et al used levels of 40 cmH2O for 40 seconds71,72; 
the substudy of the ARDSnet trial utilized 35-40 cmH2O for 30 seconds73.  

Another method used is to give the patient intermittent sighs with high brief 
periods of airway pressure. Pelosi et al used three consecutive sighs of 45 cmH2O 
plateau pressure74,75, Barbas et al used three sighs with 40-60 cmH2O for six 
seconds each76, and Patroniti used one sigh per minute with high PEEP of ca 40 cm 
H2O during pressure supported ventilation77.  

A third method reported is to stepwise increase inspiratory pressure and PEEP 
to a maximum inspiratory pressure of 50-60 cmH2O. In an unpublished study from 
Okamoto et al this method was used (referenced by Barbas76), and also in a case 
report from Medoff125. 

The effect on oxygenation of all these different recruitment maneuvers has 
usually been beneficial, but often transient unless measures to stop derecruitment 
have been used. There is no clinical study giving evidence in favour of one method 
over another.  

The clinical application of recruitment maneuvers has been questioned. The 
cause of acute lung injury and the disease process will affect the response to 
recruitment maneuvers. Early in the disease process, before consolidation and 
fibrosis of dependent parts of the lungs occur, the chance of successfully recruiting 
the lung is greater. Later on in the disease process, the risk of overinflation with 
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increased venous admixture and mechanical stress and trauma to the lung 
increases78. 

 
Prone position 

Changing the patient from a supine position to a prone position will move 
previously dependent part of the lungs to a nondependent position. This will by 
itself increase ventilation and opening or recruitment of these lung parts, and it will 
also increase the recruitment of these parts of the lung by recruitment maneuvers79. 
Turning the acute lung injury patient prone has been shown to improve 
oxygenation in several small studies80,81, but two large randomized studies have 
failed to show any decrease in mortality82, 83. 

 
Optimal positive end expiratory pressure 

When the lung is maximally opened (recruited) the optimal PEEP level for that 
particular patient at that particular time has to be chosen. Suter et al described in 
1975 this optimal PEEP as the PEEP level resulting in the highest systemic oxygen 
delivery (which also coincided with the PEEP level that gave the best lung 
mechanics in that study)84. Others have suggested that endpoints for optimal PEEP 
could be best systemic oxygenation, or the PEEP level where the highest 
compliance is reached. An often used method, the PEEP titration method, suggests 
that after a recruitment maneuver, PEEP should be stepwise and slowly decreased 
until either arterial oxygen saturation or respiratory compliance suddenly 
deteriorates. Another RM should then be performed, and PEEP set to 2 cmH2O 
above the level where deterioration occurred. 

Whatever PEEP level chosen, the beneficial effects of improved oxygenation 
and tentative attenuation of lung injury must be balanced against the negative 
effects on systemic and regional blood flows, on extra vascular lung water 
clearance and abdominal lymph clearance (increasing the risk of abdominal 
compartment syndrome). This is in my own opinion more of an art than a science. 

 
Tidal volume 

Amato et al tested the open lung concept in a randomized study of 53 patients 
with ARDS in 199871. In the open lung group, lungs were opened with recruitment 
maneuvers and PEEP levels titrated to optimal compliance. The tidal volume was 
restricted to 6 mL·kg-1. In the control group patients were treated with least PEEP 
needed to maintain oxygenation and a tidal volume of 12 mL·kg-1. Patients treated 
according to the open lung concept had a 28 day mortality of 38% versus 71% in 
the control group.  

This could not be verified in two contemporary studies by Brochard et al and 
Stewart et al, where primarily a reduction of tidal volume was tested85,86.   
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However, in 2002, a collaboration of multiple ICUs (ARDSnet) resulted in a 
publication of a famous study, in which the hypothesis that reduced tidal volumes 
would decrease mortality was tested. In this study of 861 patients, a tidal volume of 
6 mL·kg-1 predicted body weight (body weight calculated on patient length) was 
tested against a tidal volume of 12 mL·kg-1. Mortality in the low tidal volume arm 
was 31.0% versus 39.8% in the control arm. This has led to a widespread 
acceptance of a tidal volume of 6 mL·kg-1 as standard of care for ARDS patients. In 
a review article from 2002, Hubmayr questioned this conclusion, and stated that the 
evidence presented mainly supports the conclusion that a tidal volume of 12 
mL·kg-1 is dangerous59. 

 
Lung mechanics in ALI and ARDS  

The mechanical properties of the respiratory system will vary with diseases 
affecting the lungs and the chest wall. In acute lung injury the amount of 
extravascular lung water increases, leading to wet, heavy and stiff lungs. This is 
reflected in changes in the elastic properties of the lung. Two parameters are used 
to describe this property; elastance and the inverse of elastance, compliance. The 
latter parameter compliance is most often used in practice, and is defined as 
volume change per pressure change. This measure of compliance is dependent of 
lung volume size, so to be able to compare compliance between individuals or 
species the measure must be adjusted for some measure of lung volume (total lung 
capacity, functional residual capacity, length or body weight), so called specific 
compliance. Further, the compliance of the total respiratory system can be divided 
in its individual components of lung compliance and chest wall compliance. Lung 
compliance is the volume change per pressure change with pressure gradient 
alveoli – pleura and chest wall compliance is the volume change per pressure 
change with pressure gradient pleura – ambient air. Finally, the compliance 
measurement can be performed during periods of no flow in the airways, static 
compliance, or under dynamic conditions of ongoing flow, dynamic compliance87. 

Plotting pressure versus volume during inflation and deflation of the lungs will 
give a pressure volume curve, where the slope of the plotted graph will describe the 
compliance at that given pressure and volume (Figure 2). The upper curve depicts a 
hypothetical normal PV curve, while the lower curve depicts a hypothetical PV 
curve in a patient with acute lung injury. Three interesting points can be identified 
on the lower P/V curve; (a) the lower inflexion points on the inspiratory limb 
where compliance suddenly increase and thought to represent start of recruitment, 
(b) the upper  inflexion point on the inspiratory limb where compliance decreases 
representing beginning overdistention, and (c) an inflexion point on the expiratory 
limb indicating start of derecruitment. Plotting this curve and adjusting the 
ventilator setting according to the inflexion points has been suggested as a means 
to minimize ventilator induced lung injury.  
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The P/V curve is however an oversimplification of the complex changes 
occurring at alveolar level (not surprising as the P/V curve represents an average of 
the changes of more than 300 million individual alveoli). Several researchers have 
shown, using CT scanning of the lungs during inflation and deflation, that 
recruitment and overdistention occurs during the entire inspiratory limb, and that 
no absolutely “safe” areas of ventilation can be established from the P/V curve88. 
Optimal combination of tidal volume and positive expiratory pressure providing 
optimal recruitment can be defined as “providing the greatest lung re-aeration 
without inducing significant lung overinflation” according to Rouby89. 
 

Figure 2. Pressure volume loops (pressure x-axis, volume y-axis). Black line inspiration, grey line 
expiration. Upper loop illustrates a pressure volume loop during mechanical ventilation in a patient 
with normal physiology,  lower loop illustrates the physiology of a mechanically ventilated patient 
with acute lung injury. a denotes lower inspiratory inflexion point, b denotes upper inspiratory 
inflexion point and c expiratory inflexion point. 
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Principles of a ventilatory strategy for ALI and ARDS 
To summarize, the following actions have been suggested to minimize 

ventilator induced lung injury (VILI) according to current hypotheses;  
 
Cause of VILI Suggested action 
Oxygen toxicity FiO2 < 0.6 
 
Volotrauma Optimal tidal volume ≈ 6 mL·kg-1 

and biotrauma   Inspiratory P/V curve 
   Insp plateau pressure < 30 cmH2O 

 (Tidal volume < 12 mL·kg-1) 

    
Atelectrauma Optimal PEEP 
   PEEP titration 
   Expiratory P/V curve 

Recruitment maneuver 
Prone positioning 

 

The gut and intensive care 

Working clinically in an intensive care unit, one soon realizes the critical role of 
the gut in health and disease. Intestinal paralysis is the norm in critical illness, and 
many interventions aimed at normalizing intestinal function are applied. Robust 
and reassuring clinical signs of patient recovery and resolution of illness are the 
appearance of normal bowel sounds, bowel movements and the ability to tolerate 
enteral nutrition.  

 
Mesenteric vascular anatomy and phsyiology 

The intestines are supplied with blood from three major arterial branches, the 
celiac trunk supplying the liver, stomach, duodenum, spleen and pancreas; the 
superior mesenteric artery supplying small intestine, caecum, ascending and 
transverse colon; and finally the inferior mesenteric artery supplying descending 
colon and rectum90. In humans, various inconsistent collaterals between these three 
major intestinal arterial supply vessels exist. Venous blood from the intestines 
drain into the portal vein, which in turn supplies the liver with blood 
(approximately 70% of the blood flow to the liver comes from the portal vein, 
while this blood flow only delivers 30% of the oxygen supply). The intestines are 
supplied with arterial blood from vessels in the mesentery that penetrate the 
muscular layer to the submucosal layer of the intestine. In the submucosa a 
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vascular network exists, that sends of vessels in parallel coupled circuits to 
different areas, such as the mucosal villi and the muscularis region91. The vascular 
arrangement of the vessels in the mucosal villi of the small intestine deserves 
special mentioning. The arterial and venous capillaries follow each other tightly to 
the tip of the villi, thereby allowing diffusion of oxygen along their entire length 
from the base to the top of the villi. This countercurrent mechanism results in a 
gradient of oxygen, with high tissue oxygen tension at the base of the villi, and low 
tissue oxygen tension at the top. The low oxygen tension at the top of the villi 
already in the normal state makes it vulnerable to ischemia90. 

 
Mesenteric ischemia and reperfusion 

The capacitance vessels of the mesenteric circulation acts as a physiological 
reserve, with more than one litre of blood pooled in the average man. During 
periods of hypovolemia or shock, the mesenteric capacitance vessels constrict and 
blood is mobilized to the central circulation. Further, due to this vasoconstriction, 
mesenteric blood flow is decreased. Ultimately, low perfusion of the intestines will 
lead to tissue injury due to ischemia. If resuscitation occurs before total infarction, 
reperfusion of the ischemic tissue will unfortunately lead to additional tissue injury, 
due to the formation of free oxygen radicals. The reperfusion injury often 
supersedes the ischemic injury. The tissue injury will lead to an increase in 
intestinal epithelial permeability91. 

 
The gut as a motor of MOF and MODS 

In early reports of MODS, most patients were septic, which lead to the 
hypothesis that MODS was caused by uncontrolled infections44. Intra-abdominal 
abscesses were primary suspects, and early laparotomy was advised for patients 
developing MODS. Disappointingly, even when a previously undiagnosed abscess 
was found and drained, there was little reversal of MODS92. However, when 
nosocomial infections were analyzed, the bacterial pattern was most consistent 
with a source in the proximal gastrointestinal canal, and a theory of bacterial 
translocation (from intestines to portal blood) with subsequent sepsis and MODS 
was formed93.  
 
Bacterial translocation 

Animal research has shown that bacterial translocation can occur, and that such 
a translocation of bacteria can cause multiple organ failure or multiple organ 
dysfunction syndrome in animal models. It has however been very hard to verify 
that this is an important mechanism of gut derived sepsis in man. Portal blood and 
mesenteric lymph glands generally grows bacteria on culture only in a minority of 
intensive care patients38,94,95. Bacterial test for E. Coli β-galactosidase were positive 
in all mesenteric lymph nodes in a series of abdominal trauma patients, while only 
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5% of the patients had positive blood cultures96. Further, in a study of bacterial 
DNA in blood using PCR technique, 64% of the patients were positive, while 
regular cultures only were positive in 14% of the cases97. This is indicative of an 
effective immunological killing of translocated bacteria.  

 
Ischemia reperfusion priming of intestinal neutrophils 

If intestinal bacterial translocation is not an important mechanism in the 
development of MODS, could there be another mechanism explaining a connection 
between the gut and MODS? Biffl et al describes a two hit model, where intestinal 
ischemia reperfusion injury activates or primes intestinal neutrophil granulocytes38. 
When these activated neutrophils are exposed to another inflammatory stimulus, 
they then cause excessive inflammation and distant organ injury. In an animal 
experiment, they demonstrated that a survivable intestinal ischemia reperfusion 
injury followed by a low dose bacterial lipopolysaccharide resulted in lung injury 
and accumulation of activated neutrophils in the lungs98. 
 
Altered host-pathogen interactions within the intestines 

A completely different take on the connection between the gut and MODS was 
presented by Alverdy in 200394. From the viewpoint of a colony of bacteria in the 
intestines, the optimal situation would to be seated somewhere out of reach of the 
hosts immune system, but at the same time well supplied with nutrients. The 
intestinal mucosal surface would be such an ideal place. To actively translocate, 
and then have to face a massive amount of immunocompetent cells in the blood 
and lymphatic tissues would be a poor strategy. 

Pseudomonas aeruginosa is a feared potentially invasive bacterial pathogen, 
which uses several strategies to attack and to evade the host. It produces a biofilm 
that makes it difficult for the host’s defence to attack it; it uses a sensing system 
(quorum system) as a regulator of virulence gene expression, it uses a type III 
secretion system and expresses potent and lethal cytotoxins. When the bacteria 
sense a severe enough threat in the environment (increased pH, osmolality or 
increased norepinephrine levels) using the quorum system they express proteins 
that cause a major defect in the intestinal epithelial barrier. This allows bacterial 
cytotoxins such as exotoxin A to pass the barrier, thereby causing severe 
inflammation and sepsis. According to this theory, bacterial translocation is an 
epiphenomenon, and not a cause of MODS. Additionally, the connection between 
increased intestinal epithelial permeability and MODS only exists because the 
coordinated attack of the bacteria has caused this increased permeability (as a first 
step in the attack). An increase in permeability due to other factors (cold stress, 
ischemia reperfusion) would not necessarily be linked to MODS94. 
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General treatment principles for the gut 
Integrating the implications of these different theories into a treatment concept 

might seem difficult, but a few rational treatment strategies evolve. Avoiding 
circulatory stress in general and hypovolemia will decrease both the risk of 
ischemia reperfusion injury and decrease the risk of increased pathogenicity of 
intestinal bacteria. Enteral nutrition will keep a good supply of nutrients to both 
host and intestinal bacteria. Avoiding potent proton pump inhibitors for gastric 
ulcer prophylaxis, and providing the patient with Lactobacillus that will suppress 
the growth of gram negative pathogens also seems logical. Attempts to avoid or 
attenuate intestinal paralysis (prokinetics, minimising opiate treatment, early 
mobilisation) will increase the clearance of bacterial pathogens, and also reduce 
tension in the bowels that by itself can reduce intestinal mucosal perfusion. 

 

The good, the bad and the ugly 

The connection between the gut, mechanical ventilation and multiple organ 
dysfunction syndrome 

The human body, with its immensely intricate interplay between organs and 
physiological systems, has so far resisted attempts at getting an all-embracing and 
complete picture of its workings. Using the previously successful classical 
deductive scientific method of exploring each organ system in deeper and deeper 
detail, one still will lack the necessary information to describe the workings of the 
organism as a whole.  

In health, biological systems display an oscillatory behaviour, with small 
differences in an output signal, for instance heart rate variability. The autonomous 
nervous system is a communication link between organ systems, and it has been 
shown that in disease, autonomic dysfunction is common and leads to decreased 
variability in different output signals. It has also been suggested that, the 
interconnection between organ systems causing the variability is an important 
factor for the wellbeing of the entire organism, and that a disconnected or 
dysfunctional interaction might actually cause multiple organ dysfunction 
syndrome99,100. Tibby et al showed that analysis of loss of heart rate variability 
correlated to the degree of pediatric multiple organ failure and Schmidt et al 
showed that autonomic response in patients with MODS are blunted and related to 
outcome. This demonstrates at least an association between disturbed organ 
interconnection and MOF101,102. 

Incorporating methods from mathematical and engineering sciences, where a 
tradition of analyzing complex systems using non linear dynamics exists, will 
probably be an efficient way forward. There is an increasing amount of scientific 
studies published trying to analyze complex interactions between organ systems. 
Interactions between different organ systems are barely being elucidated and 
available information on interactions between the gut and the lung are scarce.  
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The following three main mechanisms coupling the lung and the gut together in 
disease have however been described; 

First, injurious ventilation of the lungs, causing biotrauma and cytokine 
spillover, has in an animal model been shown to increase apoptosis in intestinal 
epithelial cells103. 

Second, intestinal ischemia reperfusion injury has been shown to prime 
mesenteric neutrophil granulocytes so that a subsequent per se non lethal endotoxin 
exposure causes lethal acute lung injury98. 

Third, injurious mechanical ventilation causes a state of immunosuppression. 
This immunosuppression can lead to altered bacterial gut flora (increased 
pathogenicity), which in turn cause increased intestinal inflammatory activity. In a 
vicious circle the lungs and the gut will then interact in promoting inflammation 
and multiple organ dysfunction syndrome104. 
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AIMS OF THE THESIS  

 
 To evaluate effects of lung recruitment maneuvers on gastric mucosal 

perfusion, systemic circulation and lung mechanics in patients with acute 
lung injury. 

 
 
 To test the hypothesis that oleic acid causes changes in intestinal 

circulation, oxygenation and metabolism. 
 
 
 To test the hypothesis that oleic acid infused intravenously is distributed to 

tissues outside the lung. 
 
 
 To test the hypothesis that repeated recruitment maneuvers (RMs) have 

sustained negative effects on mesenteric circulation, metabolism, and 
oxygenation 60 minutes after RMs in pigs with oleic acid lung injury 

 
 
 To test the hypothesis that an infusion of prostacyclin at 33 ng·kg-1·min-1 

would attenuate such tentative negative mesenteric effects. 
 
 
 To test the hypotheses that repeated brief intestinal ischemic insults or 

repeated lung recruitment maneuvers would elicit a protective intestinal 
preconditioning response to a subsequent intestinal ischemia reperfusion 
injury.  
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"Though this be madness, yet there is method in 't." 
Hamlet, Act II, Scene II, Shakespeare 

 
METHODOLOGICAL CONSIDERATIONS  

Human study, Study I 

Patients 
The study protocol was approved by the institutional ethics committee. We 

included eligible patients fulfilling the acute lung injury inclusion criteria that came 
to our knowledge during the period January 2001 to June 2002. Ten intubated 
ventilator-treated patients (age 58 ±5 years, APACHE II at admission 22 ±3) with 
acute lung injury (ALI) were included in the study. Patient characteristics are 
described in Table 4. Informed consent was obtained from the next of kin. Another 
three patients were not included in the study due to the closest next of kin denying 
participation. Patients admitted to the intensive care unit (ICU) due to esophageal 
bleeding, esophageal surgery, gastric surgery or cerebral edema were excluded. 
 ICU care 

Patients were sedated with continuous infusions of midazolam-fentanyl or 
propofol-fentanyl. All patients were mechanically ventilated in a pressure-control-
led mode with an Evita 4 ventilator (Dräger, Germany). Positive end expiratory 
pressure (PEEP) and peak airway pressure levels were set at the discretion of the 
attending physician. Patients were fasted at least 6 h before entering the study. 
During the study period all patients were examined in the supine position and 
paralyzed with cis-atracurium.  

 

Patient Sex
Age 

(years) Diagnosis
ICU 
days

PaO2/FiO2   
kPa 

PEEP 
cmH2O 

1 M 76 Gastrointestinal surgery 4 13.8 10
2 F 51 Ruptured abdominal aorta aneurysm 2 18.9 10
3 M 71 Septicemia 2 28.4 8
4 M 70 Pancreatitis 2 26.5 15
5 M 61 Ruptured abdominal aorta aneurysm 4 13.8 14
6 M 75 Intestinal ischemia 5 15.2 11
7 M 52 Pneumonia, myocardial infarction 6 13.8 13
8 M 52 Substance abuse 4 18.4 12
9 F 27 Preeclampsia 4 27.7 14
10 F 50 Pancreatitis 5 18.1 14  

 
Table 4.  Patient characteristics, Study I. 
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Acute Lung Injury 
Acute lung injury was defined using the following standard criteria: sudden 

onset of respiratory failure, bilateral infiltrates on the chest X-ray, arterial oxygen 
tension/fractional inspired oxygen (PaO2/FiO2) less than 300 mmHg (39.9 kPa) and 
no signs of left ventricular failure58. In all patients, left ventricular failure was ex-
cluded by echocardiographic examination by an independent clinical physiologist. 
Patients with unilateral infiltrates on chest X-ray were also included if they other-
wise fulfilled the ALI criteria and had a clinical need for alveolar recruitment.  

 
Recruitment Maneuvers  

The recruitment maneuvers (RMs) were all two minutes long. The first two 
RMs were identical and performed with pressure controlled ventilation with a peak 
airway pressure of 40 cmH2O for eight s and a PEEP of 20 cmH2O for two s.  This 
ten s sequence was consequently repeated 12 times during two minutes. The third 
RM was performed with pressure controlled ventilation at a peak airway pressure 
of 50 cmH2O for four s and a PEEP of 20 cm H2O for one s. This five s sequence 
was repeated 24 times during two minutes.  The RMs were separated by a 15 
minutes pause following the first and second RM. 

 
Systemic hemodynamics 

Hemodynamic measurements included registration of heart rate (HR), mean 
arterial pressure (MAP; through a radial or femoral artery catheter) and central 
venous pressure (CVP; through an internal jugular or subclavian line). In five 
patients, monitoring of pulse contour cardiac index via a femoral artery catheter 
(PICCO system, Pulsion Medical Systems, Germany) was present for clinical rea-
sons. In these five patients, pulse contour cardiac index was recorded at each 
measuring point according to the study protocol. The pulse contour computer 
continuously computed the arterial pulse contour cardiac index. Calibration of the 
system was performed according to the manufacturer's instructions by 
determination of the arterial thermodilution cardiac output, using three to four 
injections of 15–20 mL room tempered saline105.  

 
Systemic oxygenation and respiratory mechanics 

Airway pressure was measured by an electronic transducer (System DPT-6000, 
PvB, Triplus) through an air-filled tube connected to the airway adapter at the 
proximal end of the orotracheal tube. The gas flow signal was recorded from the 
analogue port of the Evita 4 Dräger ventilator. Expiratory tidal volume of a single 
breath was determined by integrating the flow signal from end inspiration to end 
expiration. Esophageal pressure was measured through a saline-filled Salem Sump 
tube placed in the esophagus as described by Karason106. The correct position of 
this tube was confirmed by observing minimal cardiac fluctuations and by 
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performing the closed airway chest compression test107. Blood samples for blood 
gas analyses, oxygen saturation measurements, and lactate concentration analyses 
(ABL 625, Radiometer, Denmark) were drawn from the arterial catheter in con-
junction with the hemodynamic recordings.  

 
Mesenteric circulation 

Gastric mucosal perfusion was continuously measured using laser Doppler 
flowmetry (LDF) with a specially designed gastric tube fitted with two laser 
Doppler optical fibres of equal length, terminating at the tip and facing the mucosa 
perpendicular to the axial line of the gastric tube (probe 415–134, Perimed, 
Sweden). The probe was connected to a base unit (PeriFlux 4001 Master, Perimed). 
Calibration was performed according to the manufacturer's instructions at 0 PU on 
a plastic disc at optical zero and at 250 PU using a motility standard provided by 
the manufacturer. The gastric tube was introduced nasally or orally and pushed 
forward until an adequate signal could be produced. The signal was considered 
adequate when no visible movement artefacts was observed, when measurements 
of total backscatter was adequate and when pulse waves and respiratory 
fluctuations could be identified. The position of the gastric tube was then verified 
by epigastric auscultation and by X-ray (in two patients). Data are presented from 
the most consistent optical fibre recording.  

 
Abdominal pressure  

Abdominal pressure was measured through the urinary catheter as described by 
Cheatham108. The pressure was recorded after filling the bladder with 50 mL of 
sterile saline. Respiratory fluctuations and increases in abdominal pressure after 
compression of the lower abdominal wall confirmed adequate catheter position.  

 
Main study group protocol 

After completed catheterization, a five min baseline period was allowed to 
elapse, followed by three consecutive RMs, each separated by a 15 min pause. The 
RMs were all two min long. Measurements and blood sampling were performed 
immediately before, at the end of, and three min after each RM.  

 
Validation group protocol 

In order to assess effects by the LDF tube on gastric mucosal perfusion, we stu-
died a separate group of four patients. This validation group consisted of patients 
with acute lung injury and met the same inclusion criteria as patients in the main 
study group. Gastric mucosal blood flow was measured for 1 h after insertion of 
the LDF catheter during mechanical ventilation without RMs. Data are presented 
for values obtained at 0 min, 15 min, 30 min, 45 min, and 60 min.  

•
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Experimental Studies, Study II-IV 

Animals 
A total of 83 animals were used in study II-IV (Table 5). In study II, data from 

17 animals were reported (18 animals entered the study, but 1 animal died 
prematurely and was not included) Mean weight of the animals was 29.8 ±3.7 kg. 
In study III, data from 31 animals were reported (43 animals entered the study, 8 
animals died prematurely and were not included, 4 animals were used in a separate 
prostacyclin dose finding study). Mean weight of the animals in study III was 30.5 
±2.7 kg. In study IV 30 animals with a mean weight of 24.8 ±6.2 kg were used.  

All procedures were carried out according to the guidelines of the National 
Institute of Health Guide for the care and use of laboratory animals (7th ed. 1996).  

 
Table 5.  Experimental animals used in Study II-IV. 

 
Anaesthesia 

Animals were fasted overnight with free access to water. After premedication 
with ketamine, azaperon and atropine im, anaesthesia was induced by sodium 
pentobarbital (10 mg·kg-1 iv) followed by continuous infusions of sodium 
pentobarbital 4-6 mg·kg-1·h-1 iv, midazolam 0.3 mg·kg-1·h-1 iv and fentanyl 20 
μg·kg-1·h-1 iv. No muscle relaxants were used. After tracheostomy, mechanical ven-
tilation with oxygen in air (30% O2) was performed using pressure regulated 
volume control (Evita 4, Dräger, Germany), with a tidal volume of 10 mL·kg-1 and 
with a frequency of 20-30 bpm. Ventilation was adjusted to normocapnia as judged 
by end-tidal CO2 levels (Artema, Artema Medical AB, Sweden) and arterial blood 
gas analyses (ABL-5 autoanalyzer, Radiometer, Denmark). Core temperature was 
kept between 37-39°C using heating blankets. All animals received iv infusions of 

Group Entered Evaluated
Died 

prematurely
Study III Prostacyclin dose 7 4 3
Study II Control 6 6 0
Study II / III OA 8 7 1
Study II 3H OA 4 4 0
Study III OA PC 8 8 0
Study III OA RM 10 8 2
Study III OA RM PC 10 8 2
Study IV Model 12 12 0
Study IV I/R 6 6 0
Study IV I/R RM 6 6 0
Study IV I/R IPC 6 6 0

Study II-IV Total 83 75 8
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Ringer’s acetate 10 mL·kg-1·h-1 and hydroxyaethylstarch 200/0.6 (Voluven, 
Fresenius Kabi, Sweden) 2 mL·kg-1·h-1, with additional boluses given to keep 
central venous pressure (CVP) in the range of 5-7 mmHg during the experiment in 
study II and III.  In study IV the hemodynamic goal was to keep PAOP between   
4-7 mmHg. In study II and III, during establishment of oleic acid lung injury blood 
pressure was stabilized with repeated doses of epinephrine 5-20 μg (to a total of 
maximum 250 μg) besides intravenous fluid boluses. After stabilization no further 
epinephrine was given. 

 
Surgical preparation and experimental setup 

After induction of anaesthesia, a surgical tracheostomy was performed with a 
short midline incision and blunt dissection. The trachea was intubated with a cuffed 
endotracheal tube O.D. 7.0-8.0 mm. The appropriate vessels were then surgically 
exposed via neck dissections on the right and left side. The right carotid artery was 
cannulated and systemic arterial pressure measured by a fluid filled catheter with 
its tip in the proximal aorta. Under fluoroscopic guidance a 7-Fr pulmonary artery 
catheter was inserted via the right jugular vein with its tip positioned in a distal 
branch of the pulmonary artery for measurements of pulmonary arterial occlusion 
pressure, cardiac output and core body temperature. A double or triple lumen 16G 
central venous catheter was inserted into the left jugular vein for continuous 
measurement of central venous pressure and drug and fluid administration.  

In sixteen pigs in study II and III a catheter (Pulsiocath 4F, Pulsion Medical 
Systems AG, Germany) was inserted via a branch of the left carotid artery for 
monitoring of pulse contour cardiac index. The pulse contour computer 
continuously calculated the arterial pulse contour cardiac output. Calibration of the 
system was performed twice during the experiments according to the 
manufacturers instructions by determination of the arterial thermodilution cardiac 
output, using three to four injections of 20 mL iced 0.9% saline105. In those pigs 
where continuous cardiac output monitoring was not available, cardiac output was 
measured using the pulmonary artery catheter at end-expiration with 5 mL of iced 
0.9% NaCl as indicator. Thermodilution cardiac output data are presented as means 
of three consecutive measurements within two minutes, not differing more than 
10%.  All catheters were continuously flushed with saline and heparin (5 U mL-1). 
Urine outflow was diverted through a surgical cystostomy. A three lead ECG was 
used for ECG monitoring.  

A midline laparotomy was performed and the spleen was removed in all ani-
mals to eliminate dilution of portal venous blood. The portal vein was then isolated 
in the hepatoduodenal ligament, and a perivascular transit-time ultrasonic flow 
probe (Transonic type 8SB) was fitted around the vein and connected to the flow-
metry monitor (Transonic HT207, Transonic Systems Inc., USA). The portal vein 
was then cannulated via the superior mesenteric vein for continuous measurement 
of portal venous pressure and blood sampling. In study IV, the proximal part of the 
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superior mesenteric artery was then freed, and an elastic vessel loop was placed 
around the vessel. A small incision was made in the jejunum 2 m proximal to the 
ileocecal valve and a laser Doppler flow probe (probe 415-134, Perimed AB, 
Sweden) was inserted intraluminally in the anterograde direction. The laser 
Doppler flow probe was connected to a base unit (Periflux 4001 Master , Perimed 
AB, Sweden). The jejunal incision was closed with a suture and the flow probe 
secured with an additional suture.  Adjacent to the laser Doppler flow probe 
approximately 2.1 m proximal to the ileocecal valve the tissue oxygen tension 
probe (Licox CC 1.2) and temperature probe (Licox C 8.1) were placed intra-
murally in the jejunum and connected to a Licox CMP tissue oxygen tension 
monitor (Gesellschaft fur Medizinische Sondenteknik, Kiel-Mielkendorff, 
Germany). In study IV, two custom made microdialysis catheters (CMA 20, CMA, 
Sweden), membrane length 30 mm with a molecular cutoff at 20 kD were inserted 
into the lumen of the jejunum 2.2 m proximal to the ileocecal valve and secured 
with a suture. Two identical microdialysis catheters were inserted into the jejunal 
wall and secured with one suture each, immediately proximal to the luminal 
microdialysis catheters. The correct positions of the catheters within the jejunal 
lumen and wall respectively were verified by inspection at the end of each experi-
ment. The catheters were connected to microdialysis pumps (CMA 102, CMA, 
Sweden) and perfused with Ringer´s solution at 1.5 μl·min-1. Microvials (vial 
plastic, 300 μl, prod no 743 1100, CMA, Sweden) collecting the dialysate were 
replaced every fifteenth minute using automated microfraction collectors (CMA 
142, CMA, Sweden). The dialysate was analyzed directly after sampling for 
glucose, lactate, pyruvate and glycerol concentrations using enzymatic reagents 
followed by colorimetric analysis (CMA 600, CMA, Sweden). All pressure trans-
ducers (System DPT-6000, PvB, Triplus, Sweden) were calibrated to atmospheric 
pressure at the level of the right atrium by a saline column. All continuous data 
(ECG, gas flow signal, portal venous blood flow, jejunal mucosal perfusion, jejunal 
tissue oxygen tension and all pressures) were continuously recorded using a com-
puter-based multichannel signal acquisition and analysis system (AcqKnowledge 
III, Biopac systems, USA). The AcqKnowledge software is designed for 
continuous data collection at 50 Hz, and data for presentation were extracted as 
mean values established during registration sequences of approximately 15-30 s. 

 
Interventions 
Oleic acid lung injury (II-III) 

After completed surgical instrumentation, a stabilization period of 60 minutes 
was allowed to elapse. Oleic acid lung injury was then established by a slow 30 
minute intravenous infusion of 0.1 mL·kg-1 oleic acid (Apoteksbolaget, Göteborg, 
Sweden) suspended in 20 mL saline via the central venous catheter. Inspired oxy-
gen concentration was adjusted between a FiO2 of 0.3 to 1.0 to maintain oxygen 
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saturation above 92%. During the OA infusion ventilation was increased when 
needed to maintain normoventilation as judged by end tidal carbon dioxide levels.  
Recruitment maneuvers (III-IV) 

Each recruitment maneuver lasted for two minutes. The ventilator was set to 
pressure controlled ventilation with a frequency of 12 breaths per minute, with an 
inspiratory time of four seconds and an expiratory time of one second (I/E ratio 
4:1). The peak pressure was set to 40 cmH2O and the PEEP was set to 20 cmH2O. 
The airway pressures, duration and I/E ratio was set to resemble the recruitment 
maneuvers used in study I. 
Prostacyclin infusion (III) 

Prostacyclin is an endogenous strong vasodilator and potent platelet aggregation 
inhibitor with anti-inflammatory effects109,110. Several authors have shown that 
prostacyclin increases superior mesenteric artery blood flow in animals111,112, and it 
has also been shown to improve indocyanine green clearance in septic patients 
indicating increased liver blood flow113. Prostacyclin (Flolan, Glaxo Wellcome, 
Belgium) was continuously infused in a central venous catheter at 33 ng·kg-1·min-1. 
This dose was chosen after literature review and also based on findings from a pilot 
study in four animals, in which the prostacyclin dose was titrated to maximize 
mesenteric effects without undue systemic circulatory effects.  

 
Systemic oxygenation and lung mechanics 
Pleural pressure, tracheal pressure and compliance (III) 

For continuous measurements of tracheal pressure, a catheter (O.D. 1.0 mm) 
was fixed to the outside of the endotracheal tube, terminating 5 mm distal to the 
end of the endotracheal tube. A 20G epidural catheter was placed percutaneously in 
the right pleura, using an 18G Tuohy needle (Portex Ltd, Hythe, UK), for 
continuous measurements of pleural pressure. Expiratory tidal volume was 
calculated as the mean of the integrated expiratory flow over three breaths. The 
expiratory flow signal was recorded directly from the Evita 4 ventilator.  
Blood gases, oxygen saturation and lactate concentration (II-IV) 

Blood samples were simultaneously drawn from the aorta and the portal vein 
for analyses of blood gases and lactate concentrations. In study IV simultaneous 
samples from the pulmonary artery was drawn in addition. The first 2 mL of the 
sample were discarded, and the following 2 mL were used for analyses. Blood gas 
analyses were performed using an arterial blood gas analyzer (ABL-5 autoanalyzer, 
Radiometer, Denmark). Oxygen saturation was analyzed by a haemoglobin 
oximeter, using the mode for porcine haemoglobin (OSM-3 hemoximeter, 
Radiometer, Denmark). Blood samples for lactate concentrations were analyzed 
with the YSI Sport 2300 Stat Plus (Yellow Springs Instrument Inc., Yellow 
Springs, OH, USA). 
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Regional circulation 
Ultrasonic transit-time flowmetry (II-IV) 

To estimate blood flow, an ultrasonic beam is sent simultaneously upstreams 
and downstreams a vessel. The moving red blood cells within the vessel will then 
cause a difference in transit time (longer time up streams, shorter time down 
streams) between the beams travelling upstreams and downstreams. The difference 
in integrated transit time is a measurement of blood flow, which is insensitive to 
vessel diameter and flow profile. To accurately measure blood flow, the probe size 
was chosen to tightly fit the vessel without causing any visible compression, and 
immersed in saline to accommodate for small differences in probe size and vessel 
diameter. 
Laser Doppler flowmetry (II-IV) 

Monochromatic laser light hitting moving objects undergoes a change in 
wavelength, known as a laser Doppler shift. When laser light hits a tissue, a part of 
the light will be scattered and can be collected for analysis of distribution of 
wavelengths. The amount of light collected and the distribution of wavelengths can 
then be used to calculate the concentration and the speed of the moving objects in 
the illuminated tissue. In case of measurements being done on a mucosal surface, 
the moving objects causing a laser Doppler shift will be red blood cells, making it 
possible to estimate the perfusion of the tissue. According to this technique, blood 
flow is expressed in arbitrary perfusion units (PU). The measurement depth of the 
laser Doppler probe is dependent on several factors, amongst them probe 
configuration and the wavelength of laser light114. Previous studies indicate that 
thin fibres of 120 µm and with a central fibre separation of 250 µm has a shallow 
measurement depth including only mucosal and submucosal blood flow. The probe 
used in studies II-IV had a fibre diameter of 150 µm and a fibre separation of 
250 µm. The wavelength of the emitted laser light was 780 nm and the Doppler 
shift frequency was 20 kHz. 

 
Regional oxygenation and metabolism 
Tissue oxygen tension (II-IV) 

Tissue oxygen tension was measured by a miniaturized Clark electrode inserted 
into the jejunal wall. The working principle of the Clark electrode is that oxygen 
diffuses into an electrolyte chamber, where oxygen is transformed to hydroxyl ion 
at a negatively polarized gold electrode whilst releasing electrons. The electrical 
current from the reduction of oxygen is measured and it is proportional to the 
oxygen concentration. 
Microdialysis (IV) 

The principle of microdialysis is based on diffusion from tissue into a small 
catheter through a semipermeable dialysis membrane. The catheter and its 
membrane are continuously perfused with a physiological solution that equilibrates 
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with the interstitial fluid of the surrounding tissue. The recovery, that is the 
concentration achieved in the dialysate versus the true concentration in the 
interstitial fluid, is affected by many factors. Principal factors determining recovery 
are membrane area, membrane permeability, perfusate flow rate, concentration 
gradient, molecular weight and charge. The membrane used in study IV had a cut-
off of 20 kD and a length of 30 mm, giving larger sampling volume and better 
recovery than with shorter membranes. In a previous study, the performance and 
internal validity of the microdialysis method in our own laboratory were 
evaluated115.  Using the findings from that study, we chose a flow rate of 1.5        
μL·min-1 and a sampling time of 15 minutes, shown to give reproducible results. As 
described in the microdialysis validation study, the catheters used in study IV were 
rinsed in sterile water overnight, and reused if they passed the catheter control 
(checking for acceptable recovery of at least 30% from a solution with known 
glucose concentration). However, when comparing absolute microdialysate values, 
one has to consider the effect of recovery of the measured substance. The variation 
in recovery for each individual microdialysis catheter and each experiment will 
make it difficult to compare absolute values of microdialysate glucose, lactate and 
glycerol levels between groups, and necessitates comparisons of relative changes 
from individual baselines between the groups. The perfusate was collected in 
microvials and analyzed for glucose, lactate, pyruvate and glycerol. Under 
ischemic conditions, lactate is supposed to reflect anaerobic metabolism (pyruvate 
metabolized to lactate instead of entering Krebs cycle), while glycerol reflects 
degradation of phospholipids in cell membranes and hence cellular injury116. 
However, lactate can be increased in situations other than anaerobic metabolism, 
such as hyperglycolysis. In that case there will be a corresponding increase in 
pyruvate, keeping the lactate/pyruvate ratio constant. Glycerol measurements in the 
intestinal wall can be complicated by fat uptake from the intestinal lumen. 

 
Other methods 
Analyses of cytokines TNF-α and IL-6 (II) 

Arterial blood was centrifuged at 4°C at 3200 rpm for 20 minutes and serum 
was collected after centrifugation. The serum samples were then frozen at -70°C 
awaiting analysis. Cytokine ELISA kits for TNF-α and IL-6 were purchased from 
R&D Systems Europe Ltd (Abingdon, United Kingdom). Assays were performed 
as recommended by the manufacturer with some minor modifications. Briefly, 
capture antibodies were incubated in microtiter 96 wells ELISA plates (Nunc-
Immuno Plate with Max Sorb surface, Tamro MedLab AB, Mölndal, Sweden) over 
night at room temperature. Plates were then washed (0.05 % Tween in 
physiologically buffered saline) and non-specific binding sites in each well were 
blocked by incubating with a buffer consisting of bovine serum albumin (1%) and 
sucrose (5%) in physiologically buffered saline. One hour later, 100 μl of each 
serum sample was added to the wells. Serial dilutions of serum samples were 
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performed in order to keep optical density values within the linear range of the 
twofold serial dilution standard curve. Final analysis was performed with serum 
dilutions 1:10. After 2 hours incubation, bound cytokines were detected using a 
biotin-coupled detection antibody which was quantified using a strepavidin-
peroxidase conjugate. After repeated washing, a ready-to-use peroxidase substrate 
with 3,3´,5,5´-tetramethylbenzidine and hydrogen peroxide (Sigma) was used. The 
plates were then incubated at room temperature, allowing the reaction to proceed to 
the desired extinction. The reaction was terminated by adding 50 μl of 1 M H2SO4 
to each well. The soluble product was read at 450 nm in a Labsystems iEMS 
ELISA reader.  
Determination of tissue 3H oleic acid radioactivity (II) 

The individual organs were harvested and placed in a sink, and blood was 
allowed to drain freely. Thereafter, three one g tissue samples from each organ 
(heart, lungs, liver, kidneys, stomach, jejunum and colon) were separately 
homogenized with a tissue homogenisator (Polytron, Kinematica, Basel, 
Switzerland) and extracted in 30 mL chloroform-methanol 2:1 per gram and then 
left overnight. One mL of arterial blood was also sampled and treated accordingly. 
An aliquot of the extract was centrifuged for ten minutes to remove tissue residues. 
Three mL of the clear phase was added to 1.2 mL 0.1 M HCl and shaken. After an 
additional centrifugation to separate the two phases, the upper phase and protein-
layer were discarded, and 1 mL of the lower phase was transferred to a scintillation 
vial. After the chloroform was evaporated over night, scintillation fluid (OptiPhase 
HiSafe III, Perkin-Elmer, Stockholm, Sweden) was added and allowed to mix for 
another 24 hours, after which the sample activity was counted in a Wallace 1414 
Winspectral β-counter. Estimation of the contribution of 3H-OA radioactivity from 
residual blood was performed based on previously reported individual organ 
residual blood volume117. 
Histological examination (IV) 

Directly after ending the experiment, a 20x20 mm jejunal tissue sample was 
excised between the two intraluminal microdialysis catheters and rinsed in saline. 
A 5x10 mm tissue sample was subsequently fixed in 4% formaldehyde and 
embedded in paraffin according to routine procedures. Thereafter 4 µm thick cross 
sections were cut and routinely stained with hematoxylin-eosin. All tissue samples 
were examined by an independent pathologist, blinded for the group belonging of 
the tissue samples. The histological changes were graded between 0 (normal) and 5 
(worst injury) according to a previously described ischemia reperfusion injury 
score118. 
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Experimental protocols 

Main protocol, Study II-III 
A schematic illustration of the general protocol for study II and III is given in 

Figure 3. After completed instrumentation, a stabilization period of 60 minutes was 
allowed to elapse. The animals were randomized to one of four groups: Oleic acid 
group (OA) n=7, prostacyclin group (OA PC) n=8, recruitment group (OA RM) 
n=8 and recruitment-prostacyclin group (OA RM PC) n=8. In group OA PC and 
OA RM PC an intravenous infusion of prostacyclin at 33 ng·kg-1·min-1 was started 
after baseline measurements. After another 10 minutes the recruitment phase 
started, during which the animals in group OA RM and OA RM PC were exposed 
to three consecutive recruitment maneuvers during 45 minutes. A fifth group was 
added after completion of the series above, with six animals that underwent no 
interventions other than that PEEP 5 cm H2O was added 30 minutes after 
completed instrumentation. 

In all OA groups (OA, OA PC, OA RM and OA PC RM), lung injury was 
established by a slow 30-minute intravenous infusion of 0.1 mL·kg-1 oleic acid 
suspended in 20 mL saline via the central venous catheter. After the 30 minute OA 
infusion, PEEP 5 cm H2O was added and the animals were allowed to recover for 
80 minutes. Animals were killed with an intravenous infusion of KCl under deep 
barbiturate anaesthesia at the end of the experiment. 

 
Figure 3.  Study protocol,  study II-III. 
 

Data collection (II) 
In both the control group and the oleic acid group, data sets were recorded at 

time zero and 120, 150, 175, 210 and 240 minutes after time zero. Recordings 
included heart rate (HR), mean arterial pressure (MAP), CVP, mean pulmonary 
arterial pressure (MPAP), cardiac index (CI), portal venous blood flow index 
(QpI), portal venous pressure (Pport), jejunal tissue oxygen tension (PtiO2) and 
jejunal mucosal perfusion (JMP). Blood samples for blood gas analyses and 

Time (min) 0 110 120 147 174 186 201 246

Oleic Acid Stabilization Recruitment Maneuvers Recovery 

Study II Time zero 120 150 175 210 240

Control
OA

Study III Baseline 5 min 15 min 60 min

OA
OA PC
OA RM
OA RM PC
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oxygen saturation measurements were drawn from aortic and portal venous 
catheters in conjunction with the hemodynamic recordings. At time zero, 120 and 
240 minutes thereafter mixed venous blood samples for blood gas analyses were 
collected, venous admixture (Qs/Qt) was calculated and cytokines were measured. 
Data collection (III) 

During the experiment complete data sets were recorded at predefined time 
intervals, at baseline 110 minutes after completed instrumentation and at 5, 15 and 
60 minutes respectively after the last recruitment maneuver (or at corresponding 
times in group OA and OA PC). Recordings included measurements of HR, MAP, 
CVP, MPAP, CI, Pport, QpI, JMP and PtiO2. Blood samples for blood gas analysis 
and lactate measurements were drawn from aortic and portal venous catheters in 
conjunction with the hemodynamic recordings.  

 
3H-OA distribution study, Study II 

In a separate group of four animals, the distribution of OA to different tissues 
was studied. These animals were anesthetized and instrumented as described 
above, with the exception that the only intraabdominal instrumentation performed 
was splenectomy. After completed instrumentation the animals were allowed to 
stabilize for 30 minutes. 3H labelled OA 0.1 mL·kg-1 (200 µCi) was then injected as 
a slow iv infusion during 30 minutes in the central venous catheter as described 
above. The animals received the same treatment regarding ventilation, fluids and 
epinephrine as the animals in the oleic acid group in the main study. The animals 
were followed for another 45 minutes after the OA infusion. In this distribution 
study, HR, MAP, CVP and MPAP were continuously recorded. Arterial and mixed 
venous blood gases were sampled at 15 minutes intervals. All animals were killed 
with an intravenous infusion of KCl under deep barbiturate anaesthesia at the end 
of the experiment. After death, tissue samples (three one g samples from each 
tissue) and one mL arterial blood were taken for determination of 3H labelled OA 
radioactivity.  

 
Prostacyclin dose finding study, Study III 

Following surgical instrumentation and a 60 minute recovery period, an 
infusion of prostacyclin was started at 3 ng·kg-1·min-1. Every 15 minutes thereafter, 
the dosage was increased to 10, 33 and 100 ng·kg-1·min-1 respectively. Animals 
were killed with an intravenous infusion of KCl under deep barbiturate anaesthesia 
at the end of the experiment. 
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Protocol, Study IV 
Main study 

The study protocol is outlined in Figure 4. Following surgical instrumentation 
and a 60 minute recovery period, baseline measurements were obtained. All 
animals then underwent a sequence comprising a 60 minutes long intervention 
period, a 75 minutes long intestinal ischemia period and a 60 minutes long 
reperfusion period. The animals were randomized to one of the following three 
groups: Control group, I/R (n=6), ischemic preconditioning group, I/R IPC (n=6) 
and recruitment maneuver group, I/R RM (n=6).  

In the I/R group, the animals were left undisturbed during the intervention 
period. In the I/R IPC group, the animals underwent three periods of five minutes 
long total occlusions of SMA, each period followed by 10 minutes of reperfusion. 
In the I/R RM group, the animals underwent three two minutes long recruitment 
maneuvers, each followed by a 13 minutes pause. Following these 60 minutes, 
animals in all groups then followed the same protocol outlined above. 

During the experiment complete data sets were recorded at 15 minutes intervals, 
but data will be presented only from the following time-points: baseline (0 
minutes), end of intervention period (60 minutes), end of ischemia period (135 
minutes) and end of reperfusion period (195 minutes).  

Recordings included measurements of mean arterial pressure, heart rate, central 
venous pressure, mean pulmonary arterial pressure, cardiac index, portal blood 
flow, portal venous pressure, jejunal mucosal blood flow and jejunal tissue oxygen 
tension. Blood samples for blood gas analysis and lactate measurements were 
drawn from aortic and portal venous catheters in conjunction with the 
hemodynamic recordings. Samples from the microdialysis catheter were 
continuously collected at all these time-intervals. 

 
 

C group

IPC group

RM group

               Index ischemia

               Index ischemia

               Index ischemia

            Reperfusion

            Reperfusion

            Reperfusion

  0         15       30        45       60        75       90       105      120     135     150      165      180    195 min

Figure 4.  Study protocol, experimental study IV. Grey bars in IPC group depicts temporary 
occlusion of SMA, black bars in RM group depicts lung recruitment maneuvers. 
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Model study 
In the first part of the model study, two animals were subjected to a 60 minutes 

long intestinal ischemia period following the surgical instrumentation and a 60 
minute recovery period, and two animals were subjected to a 120 minutes long 
intestinal ischemia period following the surgical instrumentation and a 60 minute 
recovery period. 

In the second part of the model study, the planned study protocol was tested. 
eight animals were used in this part of the model study. Following surgical 
instrumentation and a 60 minute recovery period, baseline measurements were 
obtained. All animals then underwent a sequence of a 60 minutes long intervention 
period, a 90 minutes long intestinal ischemia period and a 60 minutes long 
reperfusion period. The animals were randomized to one of the following three 
groups: Control group, I/R (n=3), ischemic preconditioning group, I/R IPC (n=3) 
and recruitment maneuver group, I/R RM (n=2). The protocol was thereafter 
identical to the protocol described previously for the main study. 

 

Calculations  

Systemic vascular resistance (SVR) = (MAP-CVP) · CO-1 · 80. 
Systemic arterial oxygen content, mL·L-1 (CaO2) = Hb (g·L-1) · arterial O2 

saturation% · 1.39 + 0.23 · PaO2 (kPa).  
Portal venous oxygen content, mL·L-1 (CpvO2) = Hb (g·L-1) · portal venous O2 

saturation% (SpvO2) · 1.39 + 0.23 · Portal venous O2 (kPa).  
Mesenteric oxygen delivery index (M-DO2) = (CaO2) · QpI 
Mesenteric oxygen uptake index (M-VO2) = (CaO2-CpvO2) · QpI 
Mesenteric oxygen extraction (M-O2ER) = M-VO2 · M-DO2

-1
 · 100 

Net mesenteric lactate flux index  = (Portal venous - arterial lactate conc.) · QpI 
Lung compliance = Vte / ( (Peak insp trach pressure - Peak insp pleural pressure) - 

(Exp trach pressure - Exp pleural pressure) ) 
Resp system compliance = Vte / (Peak insp trach pressure - exp trach pressure) 
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Statistics 

In the original papers, all values are given as mean ± SEM in study I-III, and as 
mean ± SD in study IV. In this thesis, all values are given as mean ± SD. A            
p < 0.05 was considered significant for all tests. Statistical analysis was performed 
with the SPSS software (version 11.0-13.0; SPSS, Chicago, Ill., USA).  

In study I, Wilcoxon's signed rank test was used to compare values obtained 
before each RM with values obtained during and after each RM, and data obtained 
before RM1 compared with data obtained after RM3. A post hoc power analysis 
based on an alpha value of 0.05, sample size of 10, and using the observed standard 
deviation of the mean difference of GMP values (before and after the three 
recruitment maneuvers), reveals a power of 65% to detect an absolute difference of 
19% in the GMP measurements. A sample size of 14 would have been required to 
give a power of 80% to detect the same difference.  

For comparisons between groups in study II an independent samples t-test was 
used. For comparisons within groups in study II a paired samples t-test was used. 
Comparisons were made between groups at time points zero, 120 minutes and 240 
minutes. Comparisons were made within groups between time point zero and 120 
minutes and between 120 minutes and 240 minutes.  

In study III, normal distribution at baseline, at 5 minutes, at 15 minutes and at 
60 minutes after RMs, were assumed after plotting and examining the data. 
Comparisons were performed between groups OA RM and OA, between groups 
OA RM and OA RM PC and between groups OA PC and OA. Statistical analysis 
was performed using an analysis of covariance (ANCOVA) with mean values at 5, 
15 and 60 minutes respectively as dependent variables and mean values at baseline 
and group belonging as independent variables in linear regression. Statistical 
analysis using ANCOVA compares the relative change in the respective variables 
over time (comparing against baseline values) between groups. If this analysis 
indicated statistically significant differences between groups, a test to exclude 
statistical interaction was performed.  

In study IV, comparisons were performed between groups IPC and C and 
between groups RM and C using analysis of covariance (ANCOVA). ANCOVA 
was performed with mean values at end of intervention period, end of ischemia 
period and end of reperfusion period respectively as dependent variables and mean 
values at baseline and group belonging as independent variables in linear regres-
sion. If this analysis indicated statistically significant differences between groups, a 
test to exclude statistical interaction was performed. Comparisons within groups 
over time were performed using a repeated measures general linear model with 
Bonferoni correction for multiple testing.  
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"Oft expectation fails, and most oft there 
Where most it promises; and oft it hits 

Where hope is coldest, and despair most fits."  
All's Well That Ends Well, Act II, Scene I, Shakespeare 

 
RESULTS 

All statistical analyses are reported as presented in the original papers (I-IV). In 
this thesis, however, all data are presented as mean ± SD and all reported values for 
blood flow dependent data are indexed for body weight. The same principle was 
followed for jejunal mucosal perfusion, which in this thesis is reported as relative 
changes from baseline values, unless otherwise specifically stated. 

 

Background data 

For background information, data on key mesenteric variables are presented for all 
five study groups used in Study II and III at all predefined points of measurements. 
(Figure 5 - 8). No statistical analyses have been performed. 

Validation group (I) 
Four patients with ALI (age 51 ±14 years, APACHE II 24 ±5) were included in 

this group. None of these patients participated in the main study group. There were 
no significant changes in systemic hemodynamic parameters (data not shown) and 
gastric mucosal perfusion during the 60-min study period (580 ±74 PU at 0 min, 
541 ±103 PU at 15 min, 553 ±108 PU at 30 min, 557 ±94 PU at 45 min, and 591 
±118 PU at 60 min).  

Prostacyclin dose finding study (III) 
The systemic and regional circulatory data are summarized in Table 6. The dose 

of 33 ng·kg-1·min-1 was chosen as this was the highest dose where mean arterial 
pressure and cardiac index were least affected, and portal venous oxygenation 
maximized.  

Model study (IV) 
The first two animals subjected to 60 minutes index ischemia only showed 

minor mucosal injury, while the two following animals subjected to 120 minutes of 
index ischemia showed massive mucosal injury. A decision was therefore made to 
use an index ischemia time of 90 minutes, to obtain a moderate mucosal injury. 
The first 8 animals were evaluated, before start of the main study, to allow for an 
adjustment of the index ischemia time, if necessary.  These first 8 animals all 
showed extensive injury (mean mucosal injury score I/R 4.3, I/R RM 4.0 and I/R 
IPC 3.7), and the study protocol was adjusted accordingly, with the index ischemia 
time reduced to 75 minutes.  
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Figure 5. Mean portal venous blood flow index. Time (min) on x-axis. 
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Figure 6. Mean relative change in jejunal mucosal perfusion. Time (min) on x-axis. 
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Figure 7. Mean jejunal tissue oxygen tension. Time (min) on x-axis. 
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Figure 8.  Mean net mesenteric lactate flux index. Time (min) on x-axis. 
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Table 6. Prostacyclin dose finding study for doses 0, 3, 10, 33 and 100 ng·kg-1·min -1. 
 

Effects of Oleic Acid infusion 

Summary 
In the first 120 minutes, oleic acid infusion resulted in a moderate to severe lung 

injury manifested by increases in mean pulmonary artery pressure and venous 
admixture and a corresponding decrease in P/F ratio and pH. The oleic acid 
infusion also caused an increase in mesenteric oxygen extraction ratio and a 
decrease in net mesenteric lactate production (an actual mesenteric uptake of 
lactate was present at 120 but not 240 minutes). During the following 120 minutes 
these findings remained stable so that at 240 minutes after the start of oleic acid 
infusion there were still signs of moderate to severe lung injury and minor 
mesenteric metabolic and oxygenation disturbances. Levels of systemic 
proinflammatory cytokines were low through the entire experiment and not 
suggestive of systemic inflammation. Tritium labelled oleic acid was found in 
small amounts in extra pulmonary tissues including the intestines. 

 
Detailed results 

Results are reported as changes occurring during the first 120 minutes after time 
zero (acute phase) followed by changes occurring between 120 and 240 minutes 
after time zero (late phase). At time zero there were no significant differences 
between groups apart from slightly higher pH in the OA group. 

Mean arterial pressure
(mmHg) 74 ± 4 73 ± 5 71 ± 4 71 ± 3 64 ± 8

Cardiac index
(mL· min-1· kg -1) 167 ± 79 176 ± 82 178 ± 70 183 ± 78 221 ± 91

Portal venous blood flow index
(mL· min-1· kg -1) 18 ± 5 19 ± 4 19 ± 6 19 ± 5 21 ± 6

Relative jejunal mucosal perfusion
1.00 ± 0.00 0.92 ± 0.14 0.94 ± 0.13 0.90 ± 0.20 1.17 ± 0.76

Jejunal tissue oxygen tension
(mmHg) 63 ± 18 66 ± 17 69 ± 20 66 ± 17 62 ± 11

Portal venous O2 partial pressure
(kPa) 4.4 ± 0.2 4.8 ± 0.6 4.7 ± 0.4 5.0 ± 0.5 5.2 ± 0.5

Net mesenteric lactate flux index
(nmol · min-1· kg -1) 0.7 ± 2.6 1.3 ± 2.9 1.9 ± 2.1 1.4 ± 2.4 0.9 ± 1.8

1000 3 10 33
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Acute phase 
When comparing results within groups, MAP and QpI decreased in the control 

group. CI decreased although not significantly (Table 7). MDO2I decreased from 
4.4 ±1.5 to 3.5 ±1.4 mL·min-1·kg-1 while mesenteric oxygen extraction ratio 
(MO2ER) increased from 21 ±3% to 28 ±3%. 

In the OA group MAP, CI, QpI, pH and P/F ratio decreased while MPAP and 
PaCO2 increased (Table 7). MDO2I decreased from 3.5 ±1.0 to 2.7 ±0.5 mL·min-

1·kg-1 while MO2ER increased from 25 ±2% to 36 ±1%. 
When comparing results between groups, MPAP, Qs/Qt and MO2ER were 

higher in the OA group (MO2ER 36 ±1 and 28 ±3 % respectively), while pH and 
P/F ratio were lower in the OA group at 120 minutes after time zero. LflxI 
decreased non-significantly within the OA group but was significantly lower than 
in the control group at 120 minutes after time zero (Table 7). 

There were no significant changes in MVO2I (data not shown), JMP or PtiO2 
within groups or between groups during the acute phase (Table 7). 

 
Late phase 

When comparing results within groups, conditions in the OA group were stable, 
with only slight but statistically significant decreases in MAP, CVP (8 ±0 to 6±0 
mmHg) and MPAP (Table 7). MDO2I decreased from 2.7 ±0.5 to 2.3 ±0.4 mL·min-

1·kg-1 while MO2ER  increased (from 36 ±1 to 42 ±2 %) resulting in unchanged 
MVO2I. 

In the control group there were small but significant decreases in PaO2, P/F ratio 
and PtiO2 (Table 7). 

When comparing results between groups, LflxI and P/F ratio were lower in the 
OA group, while Qs/Qt and MO2ER were higher in the OA group (MO2ER 42 ±2 
vs. 29 ±4 % respectively) comparing groups at 240 minutes after time zero. There 
were no significant differences between groups when comparing MAP, CVP, CI, 
QpI, MDO2I, MVO2I, JMP or PtiO2 at 240 minutes after time zero (Table 7). 
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Table 7. Hemodynamic, respiratory and mesenteric data, Study II. a denotes significant difference 
within groups when comparing 0 minutes with 120 minutes, b denotes significant difference within 
groups when comparing 120 minutes with 240 minutes and c denotes significant differences between 
groups (p < 0.05). The group All OA treated shows the results for all 31 animals used in Study II-III 
(subjected to identical treatment as the OA group until 110 minutes). 

Group 0 min 120 min 150 min 175 min 210 min 240 min
Mean arterial pressure  (mmHg)

Control 92 ± 6 82 ± 9 a 80 ± 8 79 ± 7 81 ± 8 80 ± 6
OA 98 ± 11 85 ± 10 a 83 ± 10 81 ± 9 80 ± 10 80 ± 10 b
All OA treated 94 ± 19 79 ± 15

Mean pulmonary artery pressure  (mmHg)
Control 23 ± 2 22 ± 2 22 ± 2 22 ± 3 23 ± 4 25 ± 7
OA 22 ± 2 37 ± 4 ac 35 ± 5 33 ± 6 31 ± 6 30 ± 6 b
All OA treated 23 ± 10 34 ± 7

Cardiac index  (mL·min-1·kg-1)
Control 157 ± 45 116 ± 21 114 ± 20 112 ± 15 109 ± 19 117 ± 6
OA 155 ± 31 122 ± 9 a 118 ± 10 114 ± 9 116 ± 13 117 ± 13
All OA treated 151 ± 28 125 ± 21

Arterial CO2 partial pressure  (kPa)
Control 5.0 ± 0.3 4.9 ± 0.2 4.9 ± 0.3 4.9 ± 0.3 4.9 ± 0.3 5.0 ± 0.5
OA 4.5 ± 0.7 5.9 ± 0.7 a 5.8 ± 1.2 5.7 ± 1.5 5.7 ± 1.7 5.6 ± 1.9
All OA treated 4.4 ± 0.5 5.7 ± 0.8

PaO2 / FiO2 ratio
Control 48 ± 4 51.3 ± 3.3 52 ± 5 51 ± 3 50 ± 4 46 ± 6  b
OA 49 ± 11 27.6 ± 12.6 ac 28 ± 16 26 ± 14 28 ± 16 26 ± 11 c
All OA treated 50 ± 12 27.9 ± 10.8

Venous admixture
Control 0.10 ± 0.04 0.07 ± 0.02          0.08 ± 0.02
OA 0.12 ± 0.06 0.22 ± 0.12 c 0.21 ± 0.13 c
All OA treated 0.12 ± 0.07 0.19 ± 0.07          

Portal venous blood flow index  (mL·min-1·kg-1)
Control 36 ± 13 27 ± 9 a 27 ± 10 28 ± 10 26 ± 10 27 ± 11
OA 29 ± 7 22 ± 3 a 21 ± 3 21 ± 3 20 ± 3 20 ± 3
All OA treated 26 ± 7 21 ± 4

Relative jejunal mucosal perfusion
Control 1.00 ± 0.00 0.89 ± 0.21 0.85 ± 0.19 1.00 ± 0.42 1.11 ± 0.47 0.96 ± 0.33
OA 1.00 ± 0.00 0.94 ± 0.32 0.92 ± 0.36 0.85 ± 0.31 1.12 ± 0.42 1.12 ± 0.60
All OA treated 1.00 ± 0.00 1.11 ± 0.38

Jejunal tissue oxygen tension  (mmHg)
Control 71 ± 9 66 ± 11 67 ± 12 65 ± 13 65 ± 11 58 ± 8 b
OA 71 ± 11 65 ± 19 65 ± 20 60 ± 17 54 ± 15 53 ± 14
All OA treated 70 ± 23 63 ± 21

Net mesenteric lactate flux index  (nmol·min-1·kg-1)
Control 2.8 ± 2.8 3.1 ± 1.0 3.1 ± 1.3 3.2 ± 0.9 3.2 ± 1.3 2.8 ± 1.1
OA 1.7 ± 1.0 0.0 ± 1.6 c 0.0 ± 0.8 0.3 ± 1.0 1.0 ± 0.7 1.1 ± 1.1 c
All OA treated 2.1 ± 1.9 0.1 ± 2.7
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Systemic inflammation  
Systemic cytokines were measured in 5 animals in the OA group and in 6 

animals in the control group. TNFα was not detected at any time in any animal. In 
one animal in each group, IL-6 was not detected at any time. Mean IL-6 levels in 
the OA group were 104 ±73, 186 ±61 and 47 ±27 pg·mL-1  at 0, 120 and 240 
minutes respectively and 296 ±245, 408 ±240 and 398 ±151 pg·mL-1 in the control 
group at 0, 120 and 240 minutes respectively. Cytokine levels were very low in all 
groups, and there were no significant differences between groups. 

 
3H-OA distribution study 

Hemodynamic and respiratory data (data not shown) were similar to data 
obtained in the OA group in the main study. Approximately 30% of the injected 
dose were recovered in the studied organs; lungs 16.6 ±3.4%, heart 1.1 ±0.3%, 
liver 9.0 ±0.5%, kidneys 0.7 ±0.1%, stomach 0.3 ±0.1%, jejunum 1.0 ±0.3%, colon 
0.4 ±0.1% and arterial blood 1.5 ±0.4% 

 

Effects of Recruitment Maneuvers 

Summary 
During the recruitment maneuvers, systemic and mesenteric blood flow 

decreased in both man (I) and animals (III). There were inconsistent effects on 
systemic oxygenation during the RMs, but no lasting effects on neither systemic 
oxygenation nor lung compliance after the RMs. 

Five minutes after three repeated RMs, signs of mesenteric ischemic conditions 
were present with lower tissue and portal venous oxygenation and a concomitant 
increase in mesenteric oxygen extraction ratio and mesenteric lactate production. 
These findings were all transient and not present at 15 or 60 minutes after the RM 
sequence (III). 

 
Short term effects 
Systemic data (I) 

Systemic hemodynamic data are shown in Table 8. Cardiac index decreased 
during all RMs (p = 0.043 at RM1, RM2, and RM3), while MAP was decreased 
only during RM3 (p = 0.028). Central venous pressure increased temporarily dur-
ing all recruitment maneuvers and returned to baseline after each RM (p = 0.008 at 
RM1, and p = 0.005 at RM2 and RM3). Comparisons of values obtained before 
RM1 with values after RM3 demonstrated a decreased cardiac index (p = 0.043). 
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Respiratory data are presented in Table 8. Intrinsic PEEP was unaltered during 
RM1 and RM2, but increased from 1.9 ±0.5 to 6.2 ±0.4 cmH2O (p = 0.008) during 
RM3 (n=8). PaO2 increased during RM2 (p = 0.008) but was otherwise not 
significantly influenced by the RMs. Three of the patients exhibited marked 
increases in oxygenation during all RMs, while another patient increased PaO2 only 
during the last recruitment maneuver. In these four patients, PaO2 declined to pre-
recruitment levels within 3 minutes following the recruitment maneuvers (Figure 
9). Dynamic compliance of the lung and of the respiratory system decreased (p = 
0.028) during RM3. Blood gas analyses demonstrated increased PaCO2 during 
RM1 (p = 0.041) and RM2 (p = 0.025), while PaCO2 decreased during RM3 (p = 
0.013, respectively). No significant differences in respiratory pressures, dynamic 
compliance, PaO2, PaCO2 or pH were observed when comparing values obtained 
before RM1 with corresponding values after RM3. 

 
Figure 9. Systemic arterial oxygenation, Study I. Data are presented for individual patients before, 
during and after recruitment maneuver 1, 2 and 3 respectively. 
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Mesenteric data (I) 
Individual changes in gastric mucosal perfusion are shown in Figure 10. In one 

patient we were unable to get consistent gastric mucosal perfusion measurements 
during the two last recruitment maneuvers, and consequently this patient was 
excluded from analysis of gastric mucosal perfusion. Gastric mucosal perfusion 
and calculated gastric mucosal vascular resistance were not significantly changed 
during any of the RMs. However, when comparing values obtained before RM1 
with values obtained after RM3 there was a nearly significant (p = 0.051) decrease 
in gastric mucosal perfusion (Figure 11). 

Figure 10. Gastric mucosal perfusion, Study I. Data are presented for individual patients before, 
during and after recruitment maneuver 1, 2 and 3 respectively. 

Figure 11. Relative changes in gastric mucosal perfusion, Study I. Data are presented as mean ± SD 
before, during and after recruitment maneuver 1, 2 and 3 respectively. 
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Systemic and mesenteric physiological data (III) 
Physiological data before, during and immediately after each separate 

recruitment maneuver are summarized in Table 9. The major findings in the 
recruited groups (group OA RM and group OA RM PC) were pronounced 
decreases in MAP, QpI, relative JMP and portal venous oxygen partial pressure 
(PpvO2) during recruitment maneuvers. For comparison with the clinical study, the 
relative change in jejunal mucosal perfusion is shown in Figure 12. A similar 
pattern with progressive decrease in jejunal mucosal perfusion as observed in the 
clinical study can be seen. No statistical comparisons were performed. 

A total of 16 animals underwent 3 RMs each. When comparing values before 
RM with values after RM, PaO2 increased at least 10% in 4 of these 48 episodes. 
When comparing values before RM with values during RM, PaO2 increased at least 
10% in 24 of these 48 episodes. 

Figure 12. Relative changes in jejunal mucosal perfusion, Study III. Data are presented as mean ± SD 
before, during and after recruitment maneuver 1, 2 and 3 respectively. 
 

Long term effects of recruitment maneuvers  
Systemic data (III) 

Five minutes following RMs, base excess (BE) (p = 0.006) and arterial oxygen 
saturation (SaO2) (p = 0.028) were more decreased in the OA RM group than in the 
OA group. These negative effects of RMs were of brief duration, and not present at 
15 or 60 minutes post RM (Table 10).  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Before   During  After          Before   During   After           Before  During  After
               RM 1                                       RM 2                                        RM 3

 



T
ab

le
 9

. S
ys

te
m

ic
 h

em
od

yn
am

ic
, r

es
pi

ra
to

ry
 a

nd
 m

es
en

te
ric

 d
at

a 
du

rin
g 

re
cr

ui
tm

en
t m

an
eu

ve
r 1

, 2
 a

nd
 3

 re
sp

ec
tiv

el
y,

 S
tu

dy
 II

I. 
  

N
o 

st
at

is
tic

al
 a

na
ly

se
s w

er
e 

pe
rfo

rm
ed

 

R
M

1
R

M
2

R
M

3
G

ro
up

B
ef

or
e

D
ur

in
g

A
fte

r
B

ef
or

e
D

ur
in

g
A

fte
r

B
ef

or
e

D
ur

in
g

A
fte

r

M
ea

n 
ar

te
ria

l p
re

ss
ur

e 
 (m

m
H

g)
O

A
 R

M
80

±
11

32
±

13
76

±
24

81
±

13
31

±
10

 
75

±
18

78
±

12
26

±
6

66
±

22
O

A
 R

M
 P

C
81

±
24

37
±

21
84

±
21

79
±

24
34

±
22

 
85

±
13

78
±

25
34

±
23

80
±

16
Po

rt
al

 v
en

ou
s 

bl
oo

d 
flo

w
 in

de
x 

 (m
L·

 m
in

-1
· k

g-1
)

O
A

 R
M

21
±

6
8

±
5

19
±

7
20

±
6

7
±

4
 

20
±

4
19

±
5

7
±

3
18

±
6

O
A

 R
M

 P
C

21
±

5
9

±
5

23
±

4
20

±
3

8
±

5
 

22
±

5
19

±
3

7
±

4
21

±
7

R
el

at
iv

e 
je

ju
na

l m
uc

os
al

 p
er

fu
si

on
O

A
 R

M
1.

05
±

0.
52

0.
49

±
0.

35
0.

79
±

0.
31

1.
05

±
0.

53
0.

49
±

0.
30

 
0.

80
±

0.
29

0.
91

±
0.

14
0.

37
±

0.
18

0.
75

±
0.

30
O

A
 R

M
 P

C
1.

26
±

0.
28

0.
56

±
0.

22
1.

19
±

0.
52

0.
96

±
0.

27
0.

48
±

0.
20

 
1.

04
±

0.
22

1.
07

±
0.

33
0.

55
±

0.
25

1.
11

±
0.

44
Je

ju
na

l t
is

su
e 

ox
yg

en
 te

ns
io

n 
 (m

m
H

g)

O
A

 R
M

54
±

19
48

±
19

39
±

19
54

±
16

48
±

16
 

41
±

16
50

±
14

41
±

14
33

±
18

O
A

 R
M

 P
C

63
±

27
56

±
19

53
±

23
64

±
29

58
±

25
 

48
±

20
60

±
20

53
±

19
49

±
13

A
rt

er
ia

l O
2

pa
rt

ia
l p

re
ss

ur
e 

 (k
Pa

)

O
A

 R
M

15
.4

±
6.

1
17

.0
±

10
.8

12
.8

±
4.

5
17

.6
±

11
.7

15
.5

±
8.

3
 

13
.9

±
7.

1
22

.0
±

18
.7

18
.5

±
10

.9
15

.7
±

10
.6

O
A

 R
M

 P
C

14
.5

±
5.

0
24

.3
±

13
.0

14
.5

±
4.

9
17

.0
±

5.
9

24
.0

±
14

.6
 

14
.1

±
4.

5
18

.5
±

7.
4

24
.9

±
15

.0
14

.8
±

4.
8

Po
rt

al
 v

ei
n 

O
2

pa
rt

ia
l p

re
ss

ur
e 

 (k
Pa

)

O
A

 R
M

5.
2

±
0.

6
3.

4
±

1.
3

5.
0

±
0.

8
5.

2
±

0.
5

3.
0

±
1.

2
 

5.
1

±
0.

5
5.

0
±

0.
5

2.
8

±
0.

5
4.

7
±

0.
6

O
A

 R
M

 P
C

5.
5

±
0.

8
3.

2
±

0.
7

5.
6

±
0.

5
5.

2
±

0.
6

3.
7

±
1.

2
 

5.
5

±
0.

3
5.

2
±

0.
6

3.
3

±
1.

3
5.

2
±

0.
5

C
om

pl
ia

nc
e 

st
at

ic
 lu

ng
  (

m
L·

cm
H

2O
-1

)
O

A
 R

M
22

±
1

15
±

1
21

±
1

22
±

1
15

±
1

23
±

1
24

±
2

16
±

1
24

±
2

O
A

 R
M

 P
C

25
±

4
14

±
1

22
±

2
20

±
1

14
±

1
22

±
2

20
±

2
16

±
1

22
±

2

58

•



Results 

 59

Mesenteric data (III) 
Five minutes following RMs, M-O2ER (p = 0.021) and net mesenteric lactate 

flux (p = 0.027) were more prominently increased in the OA RM group, giving 
evidence of worsened mesenteric conditions after RMs. These signs of worsened 
conditions were further supported by more decreased PtiO2 (p = 0.032) and SpvO2 
(p = 0.024) in the OA RM group. No other significant differences were observed 
when comparing group OA RM with group OA (Table 10 and Table 11). The 
above mentioned differencies were not present at 15 or 60 minutes post RMs. 

 
Table 10. Hemodynamic and respiratory data, Study III. a denotes differences between groups  OA 
and OA RM,  b denotes differences between groups OA and OA PC and  c denotes differences 
between groups OA RM and OA RM PC (p < 0.05). 

Group Baseline 5 min 15 min 60 min

Mean arterial pressure  (mmHg)
OA 84 ± 11 80 ± 9 80 ± 10 80 ± 10
OA PC 71 ± 10 70 ± 11 70 ± 11 70 ± 13
OA RM 80 ± 11 66 ± 22 72 ± 13 75 ± 14
OA RM PC 86 ± 25 80 ± 16 76 ± 25 73 ± 23

Cardiac index  (mL·min-1·kg-1)
OA 112 ± 16 115 ± 12 116 ± 13 117 ± 13
OA PC 127 ± 27 109 ± 15 110 ± 17 111 ± 13
OA RM 135 ± 29 118 ± 14 113 ± 18 117 ± 32
OA RM PC 130 ± 13 112 ± 27 108 ± 17 107 ± 14

Base excess  (mmol·L-1)
OA 2 ± 2 3 ± 2 3 ± 2 3 ± 2
OA PC 1 ± 2 2 ± 3 2 ± 2 2 ± 3
OA RM 1 ± 1 -1 ± 2 a 0 ± 3 1 ± 2
OA RM PC 1 ± 3 -2 ± 5 -1 ± 5 0 ± 4

Arterial oxygen saturation  (%)
OA 94 ± 7 93 ± 11 93 ± 11 94 ± 8
OA PC 98 ± 1 98 ± 1 98 ± 1 98 ± 1
OA RM 97 ± 2 94 ± 5 a 96 ± 6 95 ± 8
OA RM PC 97 ± 2 95 ± 5 98 ± 3 97 ± 3

Portal venous oxygen saturation  (%)
OA 61 ± 7 56 ± 10 57 ± 9 56 ± 8
OA PC 64 ± 3 65 ± 5 b 65 ± 6 65 ± 7
OA RM 61 ± 7 47 ± 10 a 55 ± 10 57 ± 12
OA RM PC 60 ± 13 55 ± 6 c 55 ± 12 57 ± 11

Compliance static lung  (mL·cmH2O-1)
OA 24 ± 7 26 ± 10 27 ± 11 26 ± 10
OA PC 21 ± 7 21 ± 7 21 ± 7 22 ± 7
OA RM 23 ± 6 24 ± 5 24 ± 5 23 ± 4
OA RM PC 26 ± 6 22 ± 4 21 ± 5 22 ± 6
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Group Baseline 5 min 15 min 60 min

Portal venous blood flow index  (mL · min-1· kg-1)
OA 22 ± 4 20 ± 3 20 ± 3 20 ± 3
OA PC 21 ± 5 21 ± 5 21 ± 5 21 ± 5
OA RM 21 ± 6 18 ± 6 19 ± 4 19 ± 5
OA RM PC 20 ± 5 21 ± 7 18 ± 3 19 ± 4

Jejunal tissue oxygen tension  (mmHg)
OA 64 ± 17 56 ± 16 54 ± 15 53 ± 14
OA PC 73 ± 12 71 ± 25 72 ± 25 70 ± 22
OA RM 54 ± 18 33 ± 18 a 46 ± 12 43 ± 12
OA RM PC 63 ± 24 49 ± 13 c 60 ± 22 60 ± 18

Relative jejunal mucosal perfusion
OA 1,00 ± 0,00 1,02 ± 0,34 1,20 ± 0,48 1,21 ± 0,73
OA PC 1,00 ± 0,00 1,18 ± 0,41 1,21 ± 0,49 1,35 ± 0,83
OA RM 1,00 ± 0,00 0,80 ± 0,23 1,01 ± 0,30 1,20 ± 0,32
OA RM PC 1,00 ± 0,00 0,88 ± 0,24 0,76 ± 0,26 0,83 ± 0,25

Net mesenteric lactate flux index  (nmol · min-1· kg-1)
OA -0,3 ± 0,8 0,9 ± 1,2 1,0 ± 0,7 1,1 ± 1,1
OA PC -1,3 ± 7,7 0,3 ± 1,9 0,0 ± 2,0 0,9 ± 1,9
OA RM -0,2 ± 2,0 4,0 ± 3.5 a 0,8 ± 1,3 0,6 ± 1,2
OA RM PC 0,0 ± 1,8 1,1 ± 3,6 -0,6 ± 2,6 0,5 ± 2,3

Mesenteric oxygen delivery  (mL· min-1 · kg-1)
OA 2,7 ± 0,5 2,4 ± 0,3 2,3 ± 0,3 2,3 ± 0,4
OA PC 2,6 ± 0,6 2,6 ± 0,7 2,5 ± 0,7 b 2,6 ± 0,8
OA RM 2,5 ± 0,8 2,0 ± 0,7 2,1 ± 0,6 2,2 ± 0,7
OA RM PC 2,5 ± 0,8 2,3 ± 0,5 2,1 ± 0,5 2,2 ± 0,6

Mesenteric oxygen extraction ratio  (%)
OA 36 ± 5 42 ± 5 40 ± 4 42 ± 5
OA PC 36 ± 3 35 ± 4 35 ± 6 36 ± 7
OA RM 38 ± 7 51 ± 10 a 44 ± 8 42 ± 9
OA RM PC 39 ± 11 43 ± 7 46 ± 11 43 ± 10  

 
Table 11. Mesenteric data, Study III. a denotes differences between groups  OA and OA RM,  b 
denotes differences between groups OA and OA PC and  c denotes differences between groups OA 
RM and OA RM PC (p < 0.05). 

 

Effects of Prostacyclin 

Summary 
Animals receiving prostacyclin demonstrated better preserved mesenteric 

oxygenation during the experiment (better preserved portal venous oxygen 
saturation, mesenteric oxygen delivery and mesenteric oxygen extraction ratio). At 
the same time, there was a non-significant trend towards less preserved jejunal 
mucosal blood flow in animals undergoing recruitment maneuvers (III). 
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Effects of prostacyclin in OA lung injury 
Systemic data (III) 

Prostacyclin induced no changes in systemic hemodynamic, metabolic or 
respiratory parameters (Table 10). 
Mesenteric data (III) 

Prostacyclin preserved mesenteric oxygenation as indicated by less decreased 
SpvO2 (p = 0.037) at the time corresponding to 5 minutes post RM and less 
decreased M-DO2 (p = 0.042) at the time corresponding to 15 minutes post RM. No 
other significant differences were observed when comparing group OA PC with 
group OA (Table 10 and Table 11). 

 
Effects of adding prostacyclin before RMs in OA lung injury 
Systemic data (III) 

Prostacyclin infused concomitantly with recruitment maneuvers induced no 
changes in systemic hemodynamic, metabolic or respiratory parameters (Table 10). 
Mesenteric data (III) 

In conjunction with recruitment maneuvers prostacyclin preserved mesenteric 
oxygenation as indicated by less decreased SpvO2 (p = 0.023) at 5 minutes post 
RM and an attenuated increase in M-O2ER (p = 0.017) at 5 minutes post RM. No 
other significant differences were observed when comparing group OA RM PC 
with group OA RM (Table 10 and Table 11). There was a non significant but 
sustained decrease in relative JMP at 5, 15 and 60 minutes post RMs. 

 

Effects of Preconditioning 

Summary 
No protective intestinal preconditioning response could be observed neither by 

classic ischemic preconditioning nor by repeated recruitment maneuvers. Reliable 
and expected physiological changes of intestinal ischemia and reperfusion injury 
could be observed in all groups (IV). 

 
Effects occurring during ischemia period 

Net mesenteric lactate flux was higher in I/R IPC group when compared to I/R 
group (p = 0.019). No other significant differences between groups were found 
(Table 12 and Table 13, Figure 13 A-D). 
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Table 12. Hemodynamic and respiratory data, Study IV. a denotes differences within groups versus 
baseline (p < 0.05). 
 

End End End
Group Baseline intervention ischemia reperfusion

Heart rate  (bpm)
I/R 77 ± 9 77 ± 10 96 ± 19 131 ± 41
I/R RM 93 ± 17 106 ± 21 112 ± 19 a 152 ± 34 a
I/R IPC 95 ± 20 97 ± 24 127 ± 44 146 ± 38 a

Mean arterial pressure  (mmHg)
I/R 83 ± 8 80 ± 7 123 ± 10 a 82 ± 15
I/R RM 95 ± 14 85 ± 17 125 ± 12 a 83 ± 7
I/R IPC 102 ± 18 99 ± 18 134 ± 27 a 92 ± 21

Central venous pressure  (mmHg)
I/R 6 ± 0 6 ± 1 3 ± 1 a 3 ± 1 a
I/R RM 5 ± 1 5 ± 1 4 ± 1 a 3 ± 1 a
I/R IPC 5 ± 1 4 ± 1 2 ± 1 a 2 ± 1 a

Pulmonary artery occlusion pressure  (mmHg)
I/R 6 ± 1 6 ± 1 4 ± 2 3 ± 2 a
I/R RM 6 ± 1 5 ± 1 5 ± 1 4 ± 2
I/R IPC 5 ± 2 5 ± 1 3 ± 2 3 ± 1 a

Cardiac index  (mL· min-1· kg-1)
I/R 153 ± 11 140 ± 13 169 ± 37 223 ± 50
I/R RM 168 ± 31 160 ± 19 185 ± 44 234 ± 53 a
I/R IPC 194 ± 45 179 ± 35 219 ± 89 244 ± 87

pH
I/R 7.47 ± 0.03 7.46 ± 0.03 7.50 ± 0.05 7.41 ± 0.07
I/R RM 7.47 ± 0.05 7.43 ± 0.05 7.47 ± 0.07 7.41 ± 0.03
I/R IPC 7.48 ± 0.02 7.49 ± 0.04 7.49 ± 0.04 7.42 ± 0.05

Arterial CO2 partial pressure  (kPa)
I/R 4.8 ± 0.4 4.8 ± 0.3 4.4 ± 0.5 5.2 ± 0.6
I/R RM 5.0 ± 0.5 5.1 ± 0.4 4.3 ± 0.4 5.2 ± 0.4
I/R IPC 4.9 ± 0.3 4.9 ± 0.3 4.4 ± 0.4 5.2 ± 0.6

Arterial O2 partial pressure  (kPa)
I/R 15.6 ± 2.7 16.1 ± 2.2 14.7 ± 2.3 13.3 ± 2.5 a
I/R RM 14.9 ± 1.8 13.8 ± 1.3 15.0 ± 2.4 13.8 ± 1.8
I/R IPC 15.3 ± 1.0 15.7 ± 1.7 15.4 ± 2.3 14.4 ± 1.8

Portal venous O2 partial pressure  (kPa)
I/R 5.8 ± 0.6 5.7 ± 0.5 5.0 ± 0.7 8.1 ± 1.2 a
I/R RM 5.8 ± 1.0 5.3 ± 0.9 4.8 ± 0.9 8.8 ± 0.9 a
I/R IPC 6.1 ± 0.5 6.4 ± 0.5 5.1 ± 0.3 8.7 ± 0.7 a

Portal venous O2 saturation  (%)
I/R 74 ± 6 71 ± 4 58 ± 10 87 ± 8 a
I/R RM 72 ± 10 64 ± 8 56 ± 13 91 ± 4 a
I/R IPC 77 ± 5 78 ± 4 53 ± 6 90 ± 3 a
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Table 13. Mesenteric data, Study IV. a denotes differences within groups versus baseline and  b 
denotes difference between groups I/R and I/R IPC (p < 0.05). 
 

In all groups a typical pattern was observed during ischemia of decreased 
central venous pressure, portal blood flow, jejunal tissue oxygen tension, relative 
jejunal mucosal perfusion, mesenteric oxygen delivery, jejunal wall microdialysate 
glucose and increased mean arterial pressure, jejunal luminal microdialysate lactate 
and jejunal wall microdialysate lactate (Table 12 and Table 13, Figure 13 A-D). In 
all groups jejunal luminal microdialysate glycerol was increased, but it did not 
reach statistical significance in the I/R RM group (Figure 13 D). Further, there 
were signs of disturbed mesenteric oxygenation as indicated by decreased PpvO2, 
SpvO2, MVO2I and increased MO2ER in all groups, but statistical significance was 
not achieved in all groups for all parameters (Table 12 and Table 13).  

End End End
Group Baseline intervention ischemia reperfusion

Portal venous blood flow index  (mL · min-1 · kg-1)
I/R 25 ± 10 23 ± 8 2 ± 1 a 57 ± 19 a
I/R RM 27 ± 9 22 ± 8 3 ± 1 a 65 ± 18 a
I/R IPC 36 ± 11 38 ± 11 3 ± 1 a 67 ± 18

Jejunal tissue oxygen tension  (mmHg)
I/R 56 ± 16 60 ± 19 2 ± 5 a 61 ± 21
I/R RM 58 ± 17 51 ± 19 1 ± 1 a 60 ± 25
I/R IPC 62 ± 25 58 ± 30 1 ± 1 a 60 ± 26

Relative jejunal mucosal perfusion
I/R 1.00 ± 0.00 0.88 ± 0.08 0.22 ± 0.1 a 1.19 ± 0.54
I/R RM 1.00 ± 0.00 1.10 ± 0.51 0.13 ± 0.1 a 1.19 ± 0.82
I/R IPC 1.00 ± 0.00 1.09 ± 0.30 0.41 ± 0.41 a 1.58 ± 0.58

Net mesenteric lactate flux index  (nmol · min-1 · kg-1)
I/R 2.8 ± 1.0 2.1 ± 0.8 2.0 ± 1.5 11.6 ± 3.6 a
I/R RM 3.9 ± 0.8 3.5 ± 3.4 3.8 ± 2.3 15.3 ± 7.2 a
I/R IPC 1.5 ± 1.7 5.7 ± 0.8 a 5.6 ± 3.6 b 12.3 ± 2.6 a

Mesenteric oxygen delivery index  (mL · min-1 · kg-1)
I/R 2.9 ± 0.9 2.6 ± 0.7 0.2 ± 0.1 a 5.9 ± 1.6 a
I/R RM 3.5 ± 1.0 2.8 ± 1.1 0.3 ± 0.1 a 7.2 ± 1.8 a
I/R IPC 4.5 ± 1.2 4.7 ± 1.3 a 0.4 ± 0.2 a 7.9 ± 1.4 a

Mesenteric oxygen uptake index  (mL · min-1 · kg-1)
I/R 0.8 ± 0.3 0.7 ± 0.2 0.1 ± 0.0 0.7 ± 0.7
I/R RM 1.0 ± 0.4 1.0 ± 0.4 0.1 ± 0.1 a 0.6 ± 0.2
I/R IPC 1.0 ± 0.2 1.0 ± 0.3 0.2 ± 0.1 a 0.7 ± 0.2

Mesenteric oxygen extraction ratio  (%)
I/R 26 ± 8 29 ± 5 42 ± 10 12 ± 8 a
I/R RM 28 ± 10 36 ± 9 44 ± 12 8 ± 2 a
I/R IPC 23 ± 6 22 ± 5 48 ± 6 a 9 ± 2 a
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Effects occurring during reperfusion period 
No significant differences between groups were found (Table 12 and Table 13, 

Figure 13 A-D). In all groups a typical pattern was observed during reperfusion of 
increased mesenteric oxygen delivery, net mesenteric lactate flux, jejunal luminal 
microdialysate lactate, portal venous oxygen pressure and saturation and decreased 
central venous pressure and mesenteric oxygen extraction ratio (Table 12 and 
Table 13, Figure 13 C). In all groups cardiac index and portal venous blood flow  
index was increased, but the changes in cardiac index only reached statistical 
significance in the I/R RM group, while the changes in portal venous blood flow 
index reached statistical significance in the I/R and I/R RM group (Table 13). 

 
Figure 13 A-D.  Jejunal microdialysate values (mean ± SD). Panel A shows intramural glucose, panel 
B intramural lactate, panel C intraluminal lactate and panel D intraluminal glycerol. * denotes 
significant difference within groups versus baseline (p < 0.05). 
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Histological examination 
All animals displayed severe mucosal injury at the end of the reperfusion 

period. There were no significant differences between groups in mean ischemia 
reperfusion injury score (control group 3.7 ± 0.5, recruitment maneuver group 4.2 
± 0.8, ischemic preconditioning group 3.7 ± 0.5). 
 

 
 
 
 
 
 

 

 
Engström Universal Ventilator 

from  “Automatic ventilation of the lungs”, Mushin et al  1959. 
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 “What´s gone and what´s past help 
Should be past grief."  

The Winter's Tale, Act III, Scene II, Shakespeare 
 

GENERAL DISCUSSION 

Background of the thesis 

In our research group, there has been a long standing interest in effects of 
positive pressure ventilation and PEEP on intestinal circulation, oxygenation and 
metabolism119-121. Most of this work has been experimental or been focusing on 
peroperative events, but we have long wanted to widen the scope of our 
investigations to incorporate intensive care patients as well.  

The open lung approach for mechanical ventilation with lung recruitment 
maneuvers and high PEEP levels was gaining popularity in the ICU community 
during the late 80:es and early 90:es, and in the end of the 1990:es this approach 
was in common clinical use in our own ICU. For us, it was then natural to continue 
the existing research interest into this area and study the intestinal effects of the 
open lung concept. Initially, we decided to investigate the effects of lung 
recruitment maneuvers on gastric mucosal perfusion (laser Doppler flowmetry) in 
patients with acute lung injury already treated with high PEEP levels. 
 

How was the lung recruited in the human study 

In our clinical practice we were then already trying out different kinds of 
recruitment maneuvers, and on clinical grounds (mainly due to the severe 
hypotension often seen) we were reluctant to use recruitment maneuvers with long 
inspiratory times (exceeding 15 seconds) that were suggested by some authors. We 
therefore decided to use what at that time was our clinical praxis for RMs. In this 
first study we repeated the RMs to mimic a clinical situation of frequent RMs, such 
as a RM followed by suctioning of the trachea followed by yet another RM.  

The peak airway pressure chosen for the two first RMs was based on the 
findings by Rothen and colleagues122. According to their study, an otherwise 
healthy but atelectatic lung needs at least a pressure of 40 cmH2O to open fully. 
The inspiratory time needed to achieve recruitment at this pressure has been found 
to be about eight seconds123. The time to expiratory collapse is probably rather 
short. Studies in patients with ARDS indicate that the time to expiratory collapse is 
less than one second124.  It is therefore possible that the chosen expiratory time of 
two seconds used in the two first recruitment maneuvers was too long to prevent 
alveolar collapse, even though the lung was only allowed to collapse to a pressure 
of 20 cmH2O. The third recruitment maneuver was different, and performed with a 
peak airway pressure of 50 cmH2O. The rationale for this increase in inspiratory 
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recruitment pressure was that some of our patients were ventilated with peak 
airway pressures close to the inspiratory recruitment pressures used in the two first 
RMs. Further, there is evidence for the need of higher distending pressures to 
achieve full lung opening in some patients with ARDS125. In order to minimize any 
circulatory instability that may arise during this higher peak airway pressure level, 
we shortened the inspiratory time to four seconds. To reduce alveolar collapse we 
also adjusted the expiratory time to one second. 
 
Measuring intestinal effects 

To study intestinal effects of lung recruitment maneuvers, we decided to use the 
laser Doppler flowmetry technique, using a specially designed gastrointestinal 
probe. Laser Doppler flowmetry using a surface-mounted probe is an established 
method for measurements of gastrointestinal blood flow126,127. One advantage of 
this method, in comparison with other commonly used methods such as gastric 
tonometry or indocyanine green clearance, is that it allows a continuous 
measurement of perfusion, which makes it suitable for assessment of dynamic 
changes in perfusion, that were expected during the RMs. Initially the idea was to 
place the probe in the jejunum, but without the aid of fluoroscopy this proved very 
difficult, and the probe was subsequently placed in a gastric position.  

The measuring depth of the laser light when measuring gastrointestinal blood 
flow is influenced by tissue properties including the degree of light absorption and 
diffusion in the tissue. In addition, measuring depth is also dependent on light 
source, wave length, and probe configuration. The probes used in study I and III 
were specifically designed to measure mucosal blood flow, and not total intestinal 
blood flow. Similar endoluminal probes have been used to study intestinal mucosal 
perfusion during brief hemodynamic challenges in man128.  

We could demonstrate that gastric mucosal perfusion was not significantly 
changed during any of the RMs in spite of a concomitant decrease in cardiac index. 
However, when comparing data prior to the first RM with corresponding data after 
the last RM, we found both a decrease in cardiac index and a decrease in absolute 
values of gastric mucosal perfusion, although the decrease in gastric mucosal 
perfusion did not reach statistical significance.  
 

Measuring effects on lung mechanics and oxygenation 

In study I we specifically tried to measure dynamic compliance of the lung and 
the chest wall separately to be able to detect small changes in dynamic lung 
compliance. To this end, we used the technique described by Karason et al106, 
where we measured intratracheal pressure and esophageal pressure continuously 
throughout the study.  
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We found no lasting effects of such RMs on systemic oxygenation or lung 
mechanics, except for a minor increase in PaO2 after the second RM. As shown in 
Figure 9  two different response patterns were observed during RMs. Four patients 
exhibited marked increases in PaO2 at the end of the recruitment maneuver (three 
patients during all RMs, one patient during the last RM only), while the remaining 
patients showed no alteration in PaO2. The reason for this discrepancy is not easily 
explained since the four patients that increased their PaO2 shared no common 
properties regarding pre-recruitment intraabdominal pressure, systemic 
hemodynamic parameters, systemic oxygenation or lung mechanics. Further, there 
was no observable common pattern in their response to recruitment maneuvers 
regarding cardiovascular response or lung mechanics.  

There are at least two possible explanations regarding why we did not observe 
any beneficial effects of these recruitment maneuvers on systemic oxygenation. 
First, the peak airway pressure and the inspiratory time used in these recruitment 
maneuvers may not have been sufficient to achieve full lung opening. However, 
obtained peak and mean airway pressures during the recruitment maneuvers were 
rather high. We also observed a decline in dynamic compliance during the third 
RM, indicating overdistention of the lung. It is more likely that at least partial lung 
opening was achieved, but that lung collapse occurred soon after termination of the 
recruitment maneuver. The degree of lung opening during RMs cannot be 
described since we did not examine the patients with computed chest tomography. 
However, in at least four patients dramatic improvement in systemic oxygenation 
occurred during RMs, giving evidence of full lung opening in these patients. A 
second explanation for the lack of any persistent beneficial effects of RMs on 
systemic oxygenation is that we chose not to alter the PEEP setting after the RMs. 
Many clinicians decrease PEEP gradually from a high PEEP level following RMs 
to optimize PEEP. We chose not to alter PEEP levels as our primary aim was to 
study the effects of transient increases in intrathoracic pressure on gastric mucosal 
perfusion. This regimen probably promoted alveolar collapse.  

To summarize the findings of this first study, we did not observe any 
statistically significant changes in gastric mucosal perfusion during or after RMs, 
but we felt that the observed biological pattern of gradually decreasing gastric 
mucosal perfusion warranted further investigations. To further investigate this 
matter, we decided to establish an experimental model of acute lung injury.  

 

Why the porcine model 

When choosing an animal model for experimental research, many factors affect 
the decision. The animal must be affordable, the size of the animal must allow for 
the intended methods, the physiology of the animals must be similar to human 
physiology and relevant differences well described. The pig as a laboratory animal 
well fulfils these criteria. The physiology of the swine is very similar to that of 
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humans, and this is true especially for the cardiovascular system and splanchnic 
blood flow characteristics. There are however some differences, where for instance 
the mesenteric arterial vessels form an arcade in the subserosa rather than in the 
mesentery as in other species. The portal vein is formed by the superior mesenteric 
vein and the splenic vein in the swine, similar to the situation in man. In the 
experimental studies all pigs did undergo splenectomy, to minimize the errors of 
portal vein blood sampling and measurements of portal blood flow due to inflow of 
blood from the splenic vein. 

 

Why the oleic acid model 

The oleic acid lung injury model in the pig is an established and previously well 
described model, where the intestinal effects have not been extensively studied. 
The oleic acid infusion induces a moderate to severe lung injury with hypoxemia, 
pulmonary capillary leakage and mechanical properties similar to those found in 
patients with moderate to severe ARDS129. The OA lung injury is caused both by a 
direct injury to the pulmonary capillary endothelium and occlusive 
microthrombosis130-132. To reflect the clinical situation of established acute lung 
injury, where the lung is not easily recruited, we chose the oleic acid lung injury 
that in our opinion reflects this condition better than for instance the saline lavage 
model. It is likely that the circulatory effects of recruitment maneuvers would be 
augmented in a model where the lung was less stiff and more easily recruited. 
During the establishment of oleic acid lung injury, the animals were given 
additional fluids and epinephrine. As both epinephrine and volume status might 
affect intestinal hemodynamics and oxygenation, this has to be considered when 
evaluating the results. Epinephrine in doses corresponding to those used in our 
study has been reported to increase both mucosal tissue oxygenation and 
microvascular hemoglobin oxygen saturation133. However, the circulatory and 
metabolic effects of epinephrine are short lived134, and coupled to increases in heart 
rate and cardiac output. As animals given oleic acid were comparable to control 
animals in heart rate, mean arterial pressure and cardiac output at 120 minutes (90 
minutes after completion of oleic acid infusion) we suggest that any remaining 
effect of epinephrine on intestinal hemodynamics and oxygenation at this time 
point is unlikely. Extra fluids were given to the oleic acid group to compensate for 
the expected pulmonary capillary leakage, using central venous pressure as a 
measure of preload. As global hemodynamics remained stable and were 
comparable in both groups at 120 minutes, we believe that the fluid given actually 
compensated for extravasation of blood volume.  
 

Is the oleic acid lung injury model a local model 

The oleic acid model is generally considered a local lung injury model, but we 
have demonstrated that OA can be found in many extrapulmonary tissues 45 
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minutes after completed OA infusion. We could recover approximately 30% of the 
administered dose of 3H labelled OA. The remainder was either distributed to large 
tissues not studied (mainly fat and muscle tissue) or already metabolized to 
water135. When determining 3H-OA tissue radioactivity, the contribution of residual 
blood 3H-OA radioactivity in the organ has to be accounted for. Using previously 
published data on organ residual blood volume, we calculated corrections for each 
organ (data not presented), and the contribution of residual blood 3H-OA 
radioactivity was judged to be negligible. A small amount of 3H labelled OA was 
recovered from the intestine, a total of 2% of the given dose (equal to 5% of the 
recovered dose). This shows that the intestines during OA infusion are exposed to a 
potentially inflammatory stimulus.  
 

Does intravenous oleic acid cause systemic inflammation 

We measured systemic levels of the proinflammatory cytokines TNFα and IL-6. 
TNFα was not detected in any animal at any time, while IL-6 levels were generally 
low in both groups (in the observed range small variations in optical densities gives 
large variations in measured values). These findings suggests that OA infusion 
does not cause general systemic inflammation, but does not rule out the possibility 
of a local inflammatory reaction in the intestines. However, in the 3H-OA 
distribution animals, intestinal tissue was stained for fat and histologically 
examined (data not shown), and no gross evidence of inflammation such as tissue 
oedema or neutrophil accumulation and extravasation could be found. 

 

Describing the oleic acid lung injury model 

When evaluating local blood flow, metabolism or oxygenation we found no 
indications of intestinal injury. There were no indications of intestinal 
hypoperfusion in either the oleic acid group or the control group. Mesenteric 
oxygen delivery and extraction ratio levels in both groups were in line with 
previously reported values not associated with intestinal ischemia119. As shown in 
Table 7, jejunal tissue oxygen tension decreased in both the oleic aid group and the 
control group (statistical significance only in the control group), but only to a 
minor degree, and to absolute levels above ischemic threshold values of 45 
mmHg120. In the control group there was a constant and small net lactate 
production, without any signs of anaerobic conditions in the intestine. Based on in 
vitro data, it has been suggested that the intestine in the fed state produces lactate 
under aerobic conditions136, even though this has been questioned as a possible 
artefact due to anaesthesia and surgical manipulation of the bowel137. During a 
metabolic challenge, such as an oral glucose load, the intestine has been shown to 
produce lactate under aerobic conditions in man138. These findings fit well with our 
notion of aerobic conditions in the control group despite a small net lactate 
production. In the OA group there was a large increase in arterial lactate 
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concentrations and a corresponding slightly lesser increase in portal venous lactate 
concentrations. Since there was a net mesenteric lactate uptake we conclude that 
the source of lactate production was not the intestinal vascular bed. In patients with 
ALI due to inflammation, net lactate production across the lung has been described 
by several authors139, 140.  

In study II we demonstrated that OA infusion induced a moderate to severe lung 
injury. In the control group there were no changes in equivalent parameters. In both 
groups there were sustained decreases in mean arterial pressure, cardiac output and 
portal venous blood flow to levels that were approximately 15% lower than the 
initial levels. As these effects were also present in the control group, we suggest 
that these alterations were mainly caused by addition of PEEP and possibly time-
related effects of anaesthesia and surgical preparation. There were minimal and 
clinically insignificant changes in hemodynamic parameters during the late phase 
of the study period in the OA group. We concluded that the porcine oleic acid lung 
injury model was adequate for the planned investigation of intestinal effects of lung 
recruitment maneuvers. 

 

How was the lung recruited in the experimental studies 

The RMs used in the experimental animal model were chosen to aggressively 
achieve full lung opening. In the prostacyclin dose finding study, after finishing the 
prostacyclin protocol, we tried to use the ventilator setting of the most aggressive 
RM used in the clinical study. However, those levels of airway pressures (peak 
airway pressure 50 cm H2O, PEEP 20 cm H2O) and I/E ratios (inspiratory time four 
seconds, expiratory time one second) could not be tolerated by the animals for two 
minutes due to cardiovascular collapse. We therefore decided to limit the peak 
airway pressures to 40 cm H2O and otherwise keep the ventilator settings 
unaltered. These settings were better tolerated by the animals. 
 
How was the  intravenous prostacyclin dose chosen 

We aimed for the highest dose possible that would not induce systemic 
hypotension and vasodilatation, whilst at the same time exert positive effects on 
mesenteric circulation, oxygenation or metabolism. In our model, this dose was 
found to be 33 ng·kg-1·min-1. This dose is considered pharmacological, and has 
been used clinically in previous studies on pulmonary hypertension141. A lower 
dose of 2 to 10 ng·kg-1·min-1 has been used clinically for anticoagulation in 
hemodialysis and ischemic stroke142,143, and an even lower dose of 0.1 to 2       
ng·kg-1·min-1 has been used clinically and experimentally as a physiological 
substitute of the endogenous endothelial production144. Still, in many experimental 
investigations, far higher doses have been used than that used in our study. It is 
possible that previously described increases in mesenteric blood flow are only 
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observed in a higher dose-range (>33 ng·kg-1·min-1), while the anti-inflammatory, 
positive rheological and endothelial stabilizing effects are present in a lower dose 
range. 

 

Could the clinical  findings be verified in the experimental model 

In the experimental model, we could demonstrate the same trend in jejunal 
mucosal perfusion for animals recruited without prostacyclin, which we observed 
in the clinical study. However, repeated recruitment maneuvers during a time-
period of 45 minutes induced negative effects on mesenteric oxygenation and 
metabolism when evaluated five minutes after the last RM. These short term 
negative mesenteric effects were present at five but not at fifteen minutes after RM.  

Also, in our oleic acid lung injury model, we could not demonstrate any positive 
effects of RMs on systemic oxygenation or lung mechanics 5, 15 or 60 minutes 
after RMs. Interestingly, a mixed pattern in systemic oxygenation response was 
observed during and immediately after the individual RMs. By defining a 10 
percent increase in systemic oxygenation as a positive response to RM, we 
conclude that only a minority of the animals demonstrated a positive response (in 
4/48 episodes) 5 minutes after the RM. However, in half of the RMs there was a 
transient positive response that was not sustained 5 minutes after the RM. By not 
increasing PEEP immediately after the RM, we most likely allowed the lung to 
collapse, explaining the lack of a sustained response in oxygenation and 
comparable to the situation in the clinical study. In 19 of the 48 episodes of RMs, 
systemic oxygenation deteriorated severely during the RM, possibly due to the 
circulatory effects with severe hypotension caused by the RMs. Other explanations 
for this finding might be lack of recruitable lung tissue or ventilation perfusion 
mismatch with apical overdistention leading to redistribution of blood flow to basal 
lung areas. This ventilation perfusion mismatch was probably further accentuated 
by the prevailing systemic hypotension. 

In our analysis of these observations, we could not find any specific response 
pattern regarding mesenteric perfusion or oxygenation that could differentiate 
between responders or non-responders. 

 

Are these findings consistent with the literature 

Our findings of brief negative circulatory and metabolic mesenteric effects in 
conjunction with recruitment maneuvers are in line with findings presented by 
other authors145,146. Thus, Odenstedt and co-workers reported that RMs resulted in 
systemic hypotension, pulmonary hypertension, and decrease in aortic blood flow 
especially in animals exposed to endotoxin. They also concluded that circulatory 
depression by RMs may be attenuated by prior volume expansion146. Similarly, 
Nunes and co-workers found that RMs transiently impaired regional mesenteric 
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hemodynamics. In that study, at eight minutes after RM, blood flow remained 
reduced in the celiac trunk, superior mesenteric, and renal arteries, as well as in the 
portal vein145. However, to our knowledge, mesenteric effects during a longer time 
period have not been previously studied. 

 

What were the effects of prostacyclin 

An infusion of prostacyclin per se in the oleic acid lung injury model inhibited 
the decrease in portal venous oxygen saturation that was observed in the animals 
receiving only oleic acid. This difference in portal venous oxygen saturation 
between animals receiving oleic acid only versus animals receiving both oleic acid 
and intravenous prostacyclin was only significant at the time corresponding to five 
minutes after RM. A combination of recruitment maneuvers and an infusion of 
prostacyclin resulted in better preserved mesenteric oxygenation, indicated by a 
smaller increase in mesenteric oxygen extraction ratio and a lesser decrease in 
portal venous oxygen saturation at 5 minutes post RMs. Contrary to this finding 
there was a trend with worsened jejunal mucosal perfusion in the group recruited 
and given prostacyclin compared to the group recruited without prostacyclin. This 
finding might be explained by redistribution of blood flow within the intestinal 
wall from mucosal to muscularis and serosal layers. 

 

Why were there no lasting mesenteric effects of lung recruitment 

The systemic and regional circulatory effects of recruitment maneuvers are 
influenced by the volemic status of the subjects, as hypovolemia and hypoperfusion 
will amplify the effects of the recruitment maneuvers146,147. In our experiment, we 
had a strict fluid regimen aiming at keeping central venous pressure constant 
between 5-7 mmHg with extra fluid infusions as needed. The observed cardiac 
index at baseline of our animals in the range of approximately 130 ml·min-1·kg-1 

with heart rates around 100 bpm strongly suggests that the animals were neither 
hypovolemic nor hypoperfused. One possible explanation for the short lasting 
negative mesenteric response to RMs is that the recruitment maneuvers used in this 
study were not powerful enough to induce a prolonged redistribution of blood flow 
away from the intestine. In a clinical setting, the acute negative circulatory effects 
of RMs must be weighed against the potentially positive effects on systemic 
oxygenation. This delicate balance usually precludes the use of RMs in patients 
with hypovolemia and circulatory instability. In our study, we deliberately 
designed RMs to be aggressive enough to elicit a severe systemic and regional 
circulatory response. During RMs we noted a decrease in mean arterial pressure by 
approximately 50% and portal blood flow by approximately 70%, a response that 
likely would be clinically unacceptable. It is possible that under hypovolemic 
conditions, the negative mesenteric effects of RMs would have been more 
prolonged. Our study was not designed to answer this question, as RMs are not 
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deliberately used under such conditions, and we can therefore not exclude a more 
prolonged response in hypovolemia.  

The small sample size in each group poses a problem when stating that there 
were no lasting negative mesenteric effects. A post-hoc power analysis indicates an 
80% chance of detecting a 35% difference in PtiO2 between groups. However, the 
acute systemic and regional circulatory effects of the aggressive recruitment 
maneuvers used in our study were of greater magnitude than a 35% change, and we 
argue that tentative long term effects would likely be of a magnitude feasible for us 
to detect.  

 

How come the intestines seem so robust 

Another possible explanation for the limited mesenteric response to RMs is that 
each recruitment maneuver actually caused a partial intestinal ischemia-reperfusion 
injury that in turn caused a protective preconditioning response. In different rat 
models of intestinal ischemia, a consistent protective ischemic preconditioning 
response has been observed. Vlasov et al showed that 10 minutes of intestinal 
ischemia followed by 10 minutes of reperfusion prior to a 90 minutes long 
ischemia period ameliorated intestinal damage148. Using a similar model for 
intestinal ischemic preconditioning (10 minutes ischemia followed by 10 minutes 
reperfusion) prior to a 30 minutes long ischemia period, Aksoyek et al showed less 
bacterial translocation in the preconditioned group at 24 hours post ischemia149. 
Aban et al demonstrated a protective ischemic preconditioning effect on intestinal 
apoptosis using two cycles of 5 minute long ischemia periods followed by 5 
minutes long period of reperfusion prior to a 45 minutes long ischemia period150. In 
dogs, Ferencz et al, have shown that intestinal ischemic preconditioning with four 
cycles each of 5 minutes of ischemia and 10 minutes of reperfusion prior to auto 
transplantation (transplanted organs preserved for three hours in University of 
Wisconsin solution) mitigated the oxidative stress151. 

 

Do lung recruitment elicit intestinal preconditioning 

To examine the possibility that repeated lung recruitment maneuvers actually 
could elicit such a protective intestinal preconditioning response, we designed an 
experimental study for this purpose. We decided to perform this study on healthy 
pigs, because we wanted to increase the chances of finding an intestinal 
preconditioning response, and felt that an oleic acid lung injury would likely blunt 
the circulatory response to the RMs. The RMs were compared to a classic ischemic 
preconditioning stimulus, that of repeated interruptions of arterial blood flow to the 
relevant organ. The blood flow to the superior mesenteric artery was interrupted 
three times, each interruption lasting for five minutes and separated by a 15 
minutes pause. When performing the experiment, we observed that an index 
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ischemia time of 75 minutes and a reperfusion time of 60 minutes caused severe 
histological mucosal injury. This histological finding was preceded by severe 
abnormalities in many markers for mesenteric oxygenation and metabolism during 
the index ischemia period, and also by increasing mucosal cell injury markers in 
the intraluminal microdialysis. The mesenteric metabolic derangements and 
mucosal cell injury markers peaked after initiation of reperfusion, as expected 
when mesenteric circulation and oxygenation was restored. 

However, we could not reproduce the findings of a protective intestinal 
ischemic preconditioning response described in rat and dog, neither in the group 
preconditioned with classic ischemic preconditioning, nor in the group 
preconditioned with repeated recruitment maneuvers.  

 

Why couldn’t we reproduce the findings of intestinal preconditioning 

The energy metabolism of the jejunum is dependent on two functionally 
different tissues, the ischemia tolerant smooth muscle of the jejunal wall that has a 
low metabolic activity, and the jejunal mucosa with highly metabolically active 
epithelial cells. One possible explanation for species dependent responses to 
intestinal ischemic preconditioning might be differences in intestinal ischemia 
tolerance dependent on the relative contribution of these different tissues to total 
jejunal energy metabolism. In the pig it is estimated that as much as 50% of the 
energy is consumed by the ischemia tolerant smooth muscle layer152. If this 
proportion is lower in other species, and the jejunal energy metabolism mainly 
depends on highly active mucosal tissues, it is likely that this will lead to an 
increased sensitivity to ischemia, and also make it easier to elicit an intestinal 
preconditioning response. Further, the amount of xanthine oxidase in tissues, a key 
enzyme in the formation of reactive oxygen species during reperfusion, varies 
between species.  Intestinal amount of this enzyme has been reported to be low in 
the pig, and variation in the intestinal amount of this enzyme might well explain 
species dependent differences in preconditioning response (the presence of large 
amounts increasing the reperfusion injury thereby also possibly increasing the 
protective effect of ischemic preconditioning)153, 154. 

One limitation of our study is the fact that we used brief periods of intestinal 
ischemia as preconditioning stimuli. When studying ischemic preconditioning in 
the heart, periods of five minutes of ischemia have repeatedly been shown to be 
sufficient to induce a preconditioning response, while periods of one to two 
minutes of ischemia have not elicited such a response155. Previous studies in rats 
have shown that intestinal preconditioning can be elicited by periods as brief as one 
to five minutes of intestinal ischemia156, 157. It is possible that the pig jejunum is 
more ischemia tolerant than the rat or dog jejunum, and that a five minutes long 
occlusion period was too brief to elicit a response. As this to our knowledge hasn’t 
been studied earlier, this remains speculative. The duration of our index ischemia 
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in this model was set at 75 minutes, which in the control group resulted in severe 
histological mucosal damage. It is possible that the duration of the index ischemia 
was to long, and that the protective effect of preconditioning was unable to prevent 
the tissue damage due to the longstanding ischemia. In a pilot study, we varied the 
duration of the index ischemia between 60 and 120 minutes, and choose the 
shortest duration (75 minutes) of ischemia that resulted in a significant ischemia 
reperfusion injury (data not shown). 

Another limitation of our study is the small sample size. With a negative result, 
one has to consider the statistical power of the present study. With six animals in 
each group, we estimate that with an 80% power, the magnitude of changes 
detectable were in the 40% range. 

 

Clinical implications and future research 

The clinical question initiating the research presented in this thesis was: “Are 
lung recruitment maneuvers safe considering tentative intestinal side effects?”. The 
results obtained indicate that recruitment maneuvers do have negative effects on 
intestinal oxygenation and metabolism, but that these effects are short lasting and 
transient. A reasonable conclusion would be that from an intestinal point of view, 
recruitment maneuvers are safe, but that possible positive effects of these maneu-
vers must be weighed against their negative effects. Still, recruitment maneuvers 
may cause negative intestinal effects by other mechanisms not investigated in this 
thesis, such as overdistention of the lungs and systemic release of inflammatory or 
pro-apoptotic mediators. This remains an open field for future research. 
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“There are more things in heaven and earth, Horatio,  
Than are dreamt of in your philosophy."  

Hamlet, Act I, Scene V, Shakespeare 
 

 

 

SUMMARY AND CONCLUSIONS 

 
 In patients with acute lung injury, repeated lung recruitment maneuvers 

induce no significant changes in gastric mucosal perfusion, but decrease 
cardiac index without any beneficial effects on arterial oxygenation or lung 
mechanics. A trend towards gradual decreases in gastric mucosal perfusion 
over time was observed. 

 
 
 Oleic acid given intravenously does not cause intestinal injury as indicated 

by major changes in intestinal circulation, oxygenation and metabolism. 
 
 
 Intravenous oleic acid is distributed to extra pulmonary tissues, albeit in 

small amounts to the intestines. 
 
 
 Repeated lung recruitment maneuvers did not cause lasting negative effects 

on mesenteric circulation, oxygenation or metabolism in a porcine oleic 
acid lung injury model. 

 
 
 The intestinal effects of prostacyclin were minor and opposing with better 

preserved oxygenation but a trend towards worsened mucosal perfusion. 
 
 
 No protective preconditioning response could be observed when 

performing repeated brief intestinal ischemic insults or repeated lung 
recruitment maneuvers prior to an intestinal ischemia reperfusion injury. 
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SVENSK SAMMANFATTNING 

Lungrekrytering (korta kraftfulla ökningar av luftvägstrycket) är ett modernt 
alternativ för att öppna sammanfallen lungvävnad under respiratorbehandling av 
patienter med akut lungskada. Det är väl känt att respiratorbehandling med 
övertrycksventilation påverkar systemcirkulationen negativt, och att effekterna på 
regionala kärlbäddar kan vara mer uttalade än de systemcirkulatoriska effekterna. 
Minskat blodflöde till bukorganen kan leda till syrebrist i tarmvävnad och 
vävnadsskador med åtföljande lokal inflammation. En sådan lokal inflammation 
har sammankopplats med utvecklingen av multipelt organ dysfunktions-syndrom, 
ett syndrom med hög mortalitet som fortfarande är en ledande dödsorsak inom 
intensivvården. Målsättningen med detta avhandlingsarbete har därför varit att 
undersöka om lungrekrytering orsakar skadliga effekter på tarmens cirkulation, 
syrsättning eller metabolism och i vilken utsträckning en sådan negativ påverkan 
kan minskas (med farmakologiska eller prekonditionerande interventioner). 
I vårt första delarbete studerades intensivvårdade patienter under respirator-
behandling, och magsäckens blodflöde mättes under lungrekrytering. Vi fann en 
trend av gradvis minskande blodflöde i magsäcken. I vårt fortsatta experimentella 
arbete ville vi mer noggrant kartlägga tarmens svar på lungrekrytering vid 
respiratorbehandling av akut lungskada. Delarbete två beskriver en experimentell 
djurmodell (gris) där sövda djur orsakas akut lungskada med intravenös infusion av 
oljesyra. Vi beskriver i detta arbete först fördelningen till olika organ av 
intravenöst given 3H märkt oljesyra, och konkluderar att majoriteten av oljesyran 
kan återfinnas i lunga, men att små mängder även distribueras till tarmen. I detta 
arbete visar vi också att tarmens regionala cirkulation, syrsättning och metabolism 
återgår till baslinje förhållanden 90 minuter efter avslutad oljesyra infusion. I tredje 
delarbetet  studerades effekterna av lungrekrytering i ovan beskrivna modell. 
Huvudfynden i delarbete tre är att lungrekrytering orsakar en kortvarig och 
övergående påverkan på tarmens syrsättning och metabolism. I detta arbete 
undersöktes också om en intravenös infusion av ett kärlvidgande ämne, 
prostaglandin I2, kunde modulera effekterna av lungrekrytering. Resultaten talar för 
att effekterna av prostaglandin I2 är små och ej entydigt positiva. I vårt fjärde och 
sista delarbete studerades om den kraftiga system och regional cirkulatoriska 
påverkan som ses under lungrekrytering kan utlösa ett ischemiskt 
prekonditioneringsvar i tunntarm. Sövda lungfriska djur (gris) exponerades dels för 
lungrekrytering, och dels för klassisk ischemisk prekonditionering (temporär 
avstängning av arteria mesenterica superior), och jämfördes sedan med en 
kontrollgrupp. Vi fann i delarbete fyra att varken lungrekrytering eller klassisk 
ischemisk prekonditionering utlöste något skyddande svar i grisens tunntarm. 
Vi  konkluderar att  lungrekrytering  ur  tarmens synpunkt förefaller  säkert, och att 
behandling  med  kärlvidgande  läkemedel  samtidigt  med  lungrekrytering  inte  är 
entydigt gynnsamt.
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