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Introduction

Abdominal aortic aneurysm (AAA) is a dilatation of the abdominal aorta.
The disease was described for the first time by Andreas Vesalius (1514-64)
(Osler 1905), but it was not until 1951 that the first successful resection of an
AAA was performed by Freeman and Leeds (Freeman 1951). AAA is a
common problem with life-threatening consequences when rupture occurs.
Ruptured AAA (rAAA) requires an emergency operation. There are two
different methods for treatment of AAA, open surgical repair (OR) or
endovascular aneurysm repair (EVAR). There are advantages and
disadvantages with both methods. Treatment of rAAA is associated with
high perioperative mortality and morbidity, long intensive care unit (ICU)
and hospital stay, as well as high costs (Egorova 2008). In an analysis from
the Swedish vascular registry (Swedvasc), the 30-day mortality rate after
rAAA repair had decreased from 38.4% in the 5-year period 1994-1999 to
32.9% during 2000-2005 (Wanhainen 2008). The reduction in mortality is
probably due to multiple factors such as better patient selection, improved
surgical and anaesthesilogical technique as well as better pre-and
postoperative care. The introduction of EVAR has led to a significantly
increased incidence of elective repair. Despite the increasing numbers of
elective operations for AAA, the incidence of rAAA repair has been stable,
and the death rate due to rupture remains high.
Colonic ischaemia (CI) is a devastating complication after rAAA repair
with high morbidity and mortality. In later years the importance of intraabdominal hypertension (IAH)) has been recognized as an important factor
contributing to postoperative organ dysfunction after AAA surgery (Björck
1998, 2000, Loftus 2003). To improve survival after rAAA repair, the
pathophysiology of these two related complications needs to be further
investigated.

Anatomy and physiology of intestinal circulation
The arterial inflow to the splanchnic bed is from the celiac trunk, the
superior mesenteric artery (SMA), and the inferior mesenteric artery (IMA).
The main arteries branch into small arteries entering the intestinal wall,
forming the submucosal plexus from which the vessels enter the different
intestinal layers. The superior mesenteric artery provides the main inflow to
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both the small bowel and the colon and the left colon receives its arterial
supply from the IMA (Figure 1), with important collateral supply from
superior haemorrhoidal arteries (originating from the internal iliac arteries)
and from the superior mesenteric artery. In the resting state, about 25% of
the cardiac output is directed to the splanchnic region and regional oxygen
consumption is about 30% of the whole body oxygen consumption (Takala
1996). The intestinal mucosa has a rich vascular supply and at rest, 65-75%
of the total intestinal blood flow is distributed to the mucosa (Hulten 1976).
During maximal vasodilatation, about 90% of total intestinal blood flow is
distributed to the mucosa (Granger 1980, 1983). The artery and the vein are
in close contact with each other at the base of the villi of the small bowel and
the base of the mucosa of the colon, and this counter-current arrangement of
blood flow makes the mucosa most vulnerable to hypoxia during
hypoperfusion (Lundgren 1973). The venous drainage from the
gastrointestinal tract flows mainly via the portal vein and almost 30% of the
total blood volume is pooled in the splanchnic venous capacitance vessels.
Control of vascular tone by neurogenic mechanism is mediated mostly
through sympathetic vasoconstrictor fibres. Also humoural factors, such as
circulating catecholamines, vasopressin, and angiotensin, influence regional
vascular tone (Granger 1980). The interaction between myogenic and
metabolic factors is responsible for local autoregulation of vascular tone.
Myogenically active “pacemaker” cells located in the arteriolar wall react by
contraction during increased arterial blood pressure and by relaxation during
reduced blood pressure in order to keep local blood flow constant (Folkow
1949, 1964). Decreased blood flow leads to a reduced tissue oxygen tension
and the accumulation of metabolic vasodilating substances (Granger 1979).
When nutritive blood flow is deficient, the reduced oxygen supply is
counteracted by arteriolar vasodilatation and capillary recruitment bringing
about an increase in oxygen delivery (Shepherd 1973). Increased oxygen
extraction and redistribution of blood flow towards the mucosa are other
factors that occur as part of the local responses to maintain adequate tissue
oxygenation.
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Figure 1. Schematic drawing of the infrarenal abdominal aorta, the superior
mesenteric artery, and the inferior mesenteric artery.

Incidence of colonic ischaemia after AAA repair
Moore was first to report the complication of CI after AAA repair (Moore
1954). In a study of 2930 patients undergoing aortoiliac surgery and
prospectively registered in the Swedvasc, the frequency of clinically evident
transmural bowel gangrene was 2.8%, but 7.3% among the 412 patients
operated on for rAAA in preoperative shock, and 23% of the deaths were
associated with CI (Björck 1996). Becquemin and colleagues studied 1174
patients operated on from 1995 to 2005 (492 with EVAR, 88 of them for
rupture). Postoperative CI occurred in 34 patients (2.9%). The incidence of
CI was 2% for non-ruptured aneurysm, 7.8% for symptomatic aneurysms
without peri-aortic haematoma, and 14% for true ruptured AAA (Becquemin
2008). Longo and co-authors reported an incidence of CI of 1.2% among
4957 AAA operations from the US Veterans Affairs Registry, but the
authors did not state if any of those operations were for ruptured AAA
(Longo 1996). Prospective studies with routine sigmoidoscopy report higher
incidences of CI compared with retrospective studies. Schiedler and coworkers have performed routine postoperative sigmoidoscopy and sigmoid
tonometry after operation for rAAA, reporting CI in about half of the
patients studied (Schiedler 1987). Björck and colleagues reported CI in four
of 34 patients who underwent surgery for AAA (Björck 1994). Champagne
and co-authors reported an incidence of CI of 36% at sigmoidoscopy in 62
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patients who survived rAAA more than 24 h, but only 14.5% required
colonic resection (Champagne 2004).

Risk factors of colonic ischaemia
The aetiology of CI after AAA surgery is multifactorial. Using data from the
Swedvasc registry, Björck and colleagues found that independent risk factors
for CI were preoperative shock, major bleeding, renal insufficiency,
emergency surgery, age, type of hospital, aortobifemoral grafting, operating
and cross-clamping times, as well as ligation of the internal iliac arteries
(Björck 1997). Of these, the most important factors are preoperative shock,
prolonged cross-clamping, and major bleeding (Björck 1997, Becquemin
2008). Some risk factors, such as improper ligation of the IMA, or bilateral
ligation of the internal iliac arteries, are preventable (Björck 1997, Batt
2001), whereas other risk factors such as renal impairment are not (Bown
2004, Björck 2000).
In later years IAH has been recognized as an important factor contributing
to the postoperative organ dysfunction after AAA surgery (Björck 2000).
IAH results in a high central venous pressure that may lead to the
misinterpretation that a hypovolaemic patient is euvolaemic. If not
recognized, this situation may result in inadequate volume resuscitation,
prolonged splanchnic hypoperfusion, and secondary CI. Patients who have
been operated on for rAAA are very sensitive to hypovolaemia
postoperatively and can develop hypoperfusion of the abdominal organs, in
particular the left colon because of its dependence on collateral blood supply
after the occlusion or ligation of the IMA. Abdominal perfusion pressure
(APP) is defined as the mean arterial pressure (MAP) minus the intraabdominal pressure (IAP) (APP=MAP-IAP). Another consequence of the
left colon’s dependence on collateral blood supply is that it is particularly
vulnerable to low APP. Since after surgery for rAAA the IAP is often 12
mmHg or more in the early postoperative period (Platell 1990, Papavassiliou
2003, Björck 2000), IAP may be an important point to consider in the
management of the patients. Monitoring IAP, and timely intervention, may
improve outcome. The controversial issue whether a patent’s IMA ligated at
the time of surgery, or an IMA occluded at the time of surgery, represents a
risk factor to develop CI is discussed in the next section.
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Methods to detect colonic hypoperfusion
Several diagnostic methods have been tested to identify colonic
hypoperfusion and/or ischaemia. Hypoperfusion is distinguished from
ischaemia when the oxygen supply is inferior to the oxygen consumption,
that is, when anaerobic metabolism develops. This issue is elaborated on
further below.
IMA stump pressure measurement was introduced by Ernst and Hagihara
(Ernst 1978) since interruptions in blood supply in the IMA may cause
ischaemia of the recto-sigmoid colon. They published the results of a study
of 52 patients who were electively operated on for AAA. They interpreted
the results of the study such that if IMA stump pressure was above 40
mmHg or if the IMA was thrombosed, ligation of the IMA was safe and
would not cause CI. However, this interpretation was based on a single
patient with CI, and soon other investigators reported that patients with IMA
stump pressure above 40 mmHg or with an occluded IMA during surgery
had developed colonic necrosis (Schiedler 1987, Lie 1982, Piotrowski 1996).
Shah and colleagues reported that in a study of 280 patients operated on for
AAA, IMA blood flow was sacrificed in all patients, but only one case of
mucosal CI occurred (Shah 1991). Ligation of IMA as an important
causative factor and stump pressure measurement to identify this
complication could not be confirmed by subsequent studies, and others have
indeed reported an occluded IMA at the time of operation to be a risk factor
for development of CI (Björck 1997, Seeger 1992). Occluded IMA is
associated with larger AAAs, older patients, and rupture, all important
confounding factors, making analysis quite complex. Ouriel and co-workers
studied 30 patients (10 with occlusive disease, 18 with no rupture, and 2 with
rAAA) using a pulse oximeter with an ear probe on the antemesenteric side
of the sigmoid colon, and postoperative colonoscopy was performed.
Mucosal ischaemia occurred in two patients who had loss of pulsatility and
immeasurable transcolonic oxygen saturation after the ligation of the IMA
(Ouriel 1988). Avino and colleagues used an experimental canine model and
found that pulse oximetry was unable to differentiate partial from complete
hypoperfusion (Avino 1995). Laser Doppler technique to measure intestinal
mucosal blood flow was first described by Shephard and Riedel in 1982
(Shephard 1982). They compared venous outflow with an electromagnetic
flowmeter to Laser Doppler signal in eight patients. A strong correlation was
found when blood flow was < 45 mL/min/100 g tissue. Ahn and colleagues
also found a positive correlation between mucosal and serosal Laser Doppler
signal in 18 patients (Ahn 1986).
One of the disadvantages with Laser Doppler flowmetry is that the laser light
beam must be in close contact with the mucosa, and faecal content may
cause problems during continuous monitoring. Other limitations of the
technique are that only superficial blood flow is measured and that no
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absolute values can be obtained. Schiedler and colleagues reported results
from a study of 34 patients undergoing elective or emergency surgery on the
abdominal aorta. Three patients developed severe fatal ischaemic colitis and
had sigmoid intramucosal pH (pHi) < 6.86 and seven patients had mild
ischaemic colitis based on findings of mucosal oedema, erythaemia and pHi
< 7.10 (Schiedler 1987). In another report by Björck and co-authors, of four
patients who developed ischaemic colitis, three were monitored
perioperatively. These three patients suffered sigmoid colon acidosis at the
time of surgery, with pHi of 7.06, 6.90, and 6.71, respectively (Björck 1994).
In a prospective study by Björck and colleagues, the objective was to
determine whether sigmoid colon tonometry could diagnose CI after
aortoiliac surgery. Of 83 patients operated on during a 5-year period, 41 with
risk factors for the development of CI were monitored peri-and/or
postoperatively with sigmoid-pHi. Thirty-five postoperative colonoscopies
were performed. Six patients developed CI after emergency operations (five
for rAAA), all had pHi < 7.1 for 16-80 h. In two patients with transmural
gangrene, and who had pHi below 6.6, pHi monitoring permitted early
diagnosis, colectomy, and recovery. Nine patients without ischaemic lesion
had pHi < 7.1, during 1-5 h, without adverse outcome. The authors
concluded that pHi monitoring was diagnostic for CI (Björck 2000).

Colonic tonometry
Bergofsky pioneered the technique of tonometry in 1963. Niinikoski and
Hunt described the first tonometric device consisting of a subcutaneous
silastic tube (Niinikoski 1972). Fiddian-Green developed the tonometric
device further in 1982 by attaching a gas impermeable rubber tube to a gas
permeable silastic balloon. The principle behind this technique is that a
silastic balloon filled with saline is inserted into the gastrointestinal tract and
sufficient time allowed for the carbon dioxide (CO2) in the intestinal lumen
to equilibrate with the CO2 in the balloon (Fiddian-Green 1982).
Intermittently, saline is then withdrawn and the partial pressure of CO2
(pCO2) measured in blood-gas machine. There are some methodological
problems associated with using saline solutions in a blood-gas analyser, and
the equilibration-time for gases into water is much longer than into air.
Therefore, in 1996, an automatic tonometric device was developed
(Tonocap®TM, Tonometric Inc., Finland, later GE Healthcare, Helsinki,
Finland) in which air is used in the balloon instead of saline, and the air
inside the balloon is automatically sucked into a CO2 analyser intermittently.
Heionen and co-authors designed a study to evaluate the accuracy of
continuous air tonometry by comparing it with conventional saline
tonometry in mechanically ventilated, critically ill sepsis patients. They
investigated 16 patients with two gastric tonometry catheters placed into the
16

patients’ stomachs. The control catheter was used as a conventional saline
tonometer and the other catheter was used with the Tonocap® monitoring
device. A total of 153 paired measurements were made. They concluded that
the accuracy of the Tonocap® continuous air tonometry was close to that of
conventional saline tonometry and the 10-min cycle time with air tonometry
correlated very well with saline tonometry (Heionen 1997).
In this thesis, tonometry refers to the measurement of partial pressure of
CO2 in the lumen of the sigmoid colon (in Study II and Study IV) as well as
extraintestinal (extraluminal) measurements (in Study IV). The principle
behind this technique is relatively simple. A silastic balloon filled with air is
placed in the lumen of the sigmoid colon, with the aid of a colonoscope in
the operating theatre at the end of surgery or immediately after admission to
the ICU. Intraluminal pCO2 is measured automatically every 10 min with the
Tonocap® device and pHi is calculated by entering the tonometrically
measured pCO2 and the arterial bicarbonate concentration into the
Henderson-Hasselbalch equation:

H

HCO3

H 2 CO3

H 2 O CO2

After which pH (H+) can be calculated by the following formula:

pHi / pHe

6.1 log

HCO3
pCO 2 corr 0.0307

When the blood flow to the intestines diminishes relative to the metabolic
needs, the first event is increased oxygen extraction. When the blood flow
diminishes further, a point is reached at which the oxygen consumption
becomes dependent on oxygen delivery, and anaerobic metabolism develops.
With anaerobic metabolism, lactic acid is produced; lactate and H+.
Intracellular metabolic acidosis is cytotoxic and the most important buffering
mechanism is bicarbonate (HCO3-), from which CO2 forms. CO2 is
permeable through the cellular wall. Under normal conditions CO2 is
transported to the lungs, but under ischaemic conditions CO2 accumulates in
the tissue, and this is what is measured in the tonometric device (Tonocap®).
pHi can be calculated based on this regional pCO2 together with the arterial
pH measured in peripheral blood. Antonsson and co-authors published
results from an experimental study in pigs subjected to haemorrhage and
found that the point of critical oxygen delivery occurred at an intestinal pHi
of 7.12 (Antonsson 1995).
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Intraluminal colonic tonometry is the only method that can be used both
peri- and postoperatively to detect CI, but there are disadvantages. It is a
cumbersome method, in particular in the emergency set-up, when the
patient’s bowel is not prepared. Large amounts of faeces are present in some
patients, in others it may be difficult to place the catheter due to
diverticulosis. Extraluminal tonometric measurements may be an alternative
method of monitoring intestinal perfusion after abdominal aortic surgery.
Koga and colleagues performed an experiment comparing intraperitoneal
(extraluminal, in the right lower quadrant of the abdomen) tonometry with
traditional intraluminal tonometry in pigs subjected to endotoxic and
hypoperfusion shock (Koga 1999). They found that pCO2 obtained from the
catheter placed in the intraperitoneal cavity gave lower values than those
obtained from inside the sigmoid colon, both in the endotoxic shock and
hypoperfusion shock groups (Koga 1999, 2000). However, the changes were
in parallel. They concluded that the intraperitoneal (i.e. extraluminal)
placement of the tonometric catheter had other merits since measurements
were not disturbed by faeces and this monitoring method was considered
most suitable for postoperative monitoring of intestinal perfusion to detect
ischaemia after extensive abdominal surgery. However, the authors did not
conclude which intraperitoneal pCO2 value may be used to detect colon
sigmoid hypoperfusion. Measurement of pHi extraluminally with air
tonometry has never previously been performed in a clinical setting.

Grading and treatment of colonic ischaemia
The treatment of CI depends on the grade of ischaemia (Tollefson-Ernst
1991), as seen in Table 1 and Figure 2. In a routine clinical setting it is very
difficult to separate these grades. Houe et al. reviewed the literature in an
evidence-based approach and concluded that colonoscopy cannot distinguish
between different grades of CI with sufficient specificity since endoscopy of
the colon only visualizes the lamina mucosa (Houe 2000). Another issue
they raised was the importance of the timing of endoscopy. Colonic pH
monitoring may offer an early warning, as suggested by Björck and Hedberg
(Björck 1994). A combination of colonic tonometry and colonoscopy is
probably the safest way to make the important distinction between grade III
(needing colonic resection) and grades I and II (which may be treated
conservatively) (Björck 1994, 2000).
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Table 1. Grade of colonic ischemia.

Grade I
Grade II
Grade III

Mucosal lesion
Mucosal and muscular lesion
Transmural gangrene

Figure 2. Left panel: showing Grade III, transmural gangrene of the left colon. Right
panel: showing Grade I mucosal lesion of the sigmoid colon.

Definition and classification of IAH/ACS
Before consensus definitions of IAH and abdominal compartment syndrome
(ACS) were established, IAP was not routinely performed and was often
reported with various definitions, different measurement techniques, and
different units, such as cm H2O or mmHg. In an attempt to provide a
common framework and language for scientific research, the World Society
of the Abdominal Compartment Syndrome (WSACS) agreed upon several
consensus definitions during a meeting in 2004, that were subsequently
published in 2006 (Malbrain 2006), and recommendations for management
(Guidelines) that were published in 2007 (Cheatham 2007).
The current recommendation from the WSACS states that IAP should be
expressed in millimetres of mercury (mmHg), and it should be measured at
end-expiration in the completely supine position after ensuring that the
abdominal muscle contractions are absent and with the transducer zeroed at
the level of the mid-axillary line. The reference standard for IAP
measurement is via the bladder with a maximal instillation volume of 25 mL
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of sterile saline (Malbrain 2006). IAH is defined by sustained or repeated
pathological elevation of IAP > 12 mmHg and is graded as follows:
Grade I:
Grade II:
Grade III:
Grade IV:

IAP 12-15 mmHg
IAP 16-20 mmHg
IAP 21-25 mmHg
IAP >25 mmHg

ACS is defined as a sustained IAP > 20 mmHg that is associated with new
organ dysfunction. The APP is the MAP minus the IAP (MAP-IAP) and the
combination of an APP below 60 mmHg and organ dysfunction is also
defined as an ACS. ACS can be classified as primary, secondary, or
recurrent. Primary ACS is a condition associated with injury or disease in the
abdomino-pelvic region that frequently requires early surgical or
radiological intervention. Secondary ACS refers to conditions that do not
originate from the abdomino-pelvic region. Recurrent ACS refers to a
condition in which ACS redevelops following previous surgical treatment of
primary or secondary ACS (Malbrain 2006).

Diagnosis of IAH and IAP measurement
The assessment of IAP through physical examination of the abdomen is
inaccurate and has no role (Kirkpatrick 2000, Sugrue 2002). In the past, ACS
has been diagnosed clinically even without IAP measurements through the
recognition of renal and cardiovascular failure in conjunction with a tense,
distended abdomen that improves with emergency decompression of the
peritoneal cavity. However, these findings are often identified too late and
the presence of severe IAH should have been suspected long before such
events unfold. Radiological signs of IAH have also been searched for. AlBahrani and co-workers set out to identify any computed tomography (CT)
features consistent with IAH and ACS. Significant findings from two
radiologists consistently identified the “round belly sign” and also “bowel
wall thickening with enhancement” as features 58% and 36% more relevant,
respectively, in patients with an IAP of greater than 12 mmHg compared
with less than 12 mmHg (Al-Bahrani 2006). These findings could be used as
a predictive signs but they cannot be used to verify the diagnosis or
prognosis (Al-Bahrani 2006). Adequate IAP measurements may be obtained
from either direct (i.e. needle puncture of the abdomen during peritoneal
dialysis or laparoscopy) or indirect measurement (i.e. transduction of intravesicular, gastric, colonic or intrauterine pressure via balloon catheters). Of
these methods, the bladder technique has achieved the most widespread
acceptance worldwide due to its simplicity and minimal cost (Malbrain
2004, 2006) and the fact that direct measurement is associated with higher
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risk of complications, most notably peritoneal infection which is
unacceptable in a clinical setting. Therefore, alternative, indirect IAP
measurement methods have been developed.

Direct IAP measurement
Direct measurements by cannulation of the peritoneal cavity with a metal
cannula or a wide bore needle and attached to a saline manometer or a
pressure transducer have been used. The limitation of inflation pressure
during laparoscopic surgery is an example of direct IAP measurement and it
is prone to errors by flow dynamics resulting in rapid increases in pressure
during insufflations (Malbrain 2004). The Verres needle opening can be
blocked by tissue or fluid leading to over- or underestimation of IAP and
pressure can be influenced by muscle relaxation. Other data suggest that IAP
should be measured directly via Tenchoff catheter or chronic ambulatory
peritoneal dialysis. High IAP has been identified as a risk factor of
abdominal wall complications in patients on chronic ambulatory peritoneal
dialysis (Del Peso 2003).

Indirect IAP measurement
Several routes have been proposed for indirect IAP measurement (Malbrain
2004). All these methods are based on the principle that the abdominal
cavity can be considered to be a closed box. Therefore, the pressure
measured at one point within this cavity should reflect the pressure
throughout the cavity (Malbrain 2006). The bladder has been used to
measure IAP. The technique was first described by Kron and colleagues in
1984 (Kron 1984). A manometer technique can also be used, which was first
described by Harrahill in 1998 (Harrahill 1998) and was later adapted by Lee
and co-authors (Lee 2002). The patient’s own urine is used as a transducing
medium, and the height of the fluid column in the catheter reflects the IAP.
Based on this technique, a device has been developed (FoleyManometer,
Holtech Medical, Copenhagen, Denmark). The FoleyManometer method is a
new method, having the advantage of being simple and feasible not only in
the ICU, but also in a normal ward. This method does not require any filling
of the bladder, as long as the patient has urinary output, which is an
advantage from a hygienic standpoint. The measurement tube is inserted
between the urinary catheter and the collecting bag. When IAP is measured,
the tube is elevated with the base at the symphysis pubis, and the air-lock
with a bacterial proof filter is opened. The urine falls down to the level of
IAP. The tube is graded in mmHg. After the measurement has been
completed, the air-lock is closed (De Potter 2005) (Figures 3, and 4).

21

Figure 3. The FoleyManometer method of measuring the IAP. The measuring tube
is inserting between the urinary catheter and the collecting bag.

Figure 4. When IAP is measured the tube is elevated with the base at the symphysis
pubis, and the air-lock with a bacterial proof filter is opened. The urine falls down to
the level of IAP. The tube is graded in mmHg between each marking.

IAP can also be measured via nasogastric or gastrostomy tube and this
method can be used when the patient has no Foley catheter in place, or when
accurate bladder pressure is not possible due to the absence of free
movement of the bladder wall (Collee 1996). Rectal pressure has also been
used to measure IAP. The major problem with this method is that faecal
mass can block the catheter leading to overestimation of IAP (Shafik 1997).
Inferior vena cava pressure has been suggested as an estimation of IAP. A
normal central venous line inserts into the inferior vena cava via the left or
right femoral vein. The major disadvantage of this technique is the risk of
infection and septic shock (Gudmundsson 2002).
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Aetiology and risk factors for IAH/ACS
The aetiology of IAH is varied. There are a number of clinical situations or
risk factors for the development of IAH/ACS (Table 2). According to the
guidelines in the consensus document, patients with two risk factors or more
for IAH/ACS benefit from having their IAP monitored (Cheatham 2007).
Patients with rAAA will have multiple risk factors to develop IAH/ACS
postoperatively. Thus, IAP measurement after operation for rAAA is
indicated in all patients. Haemorrhage and massive fluid resuscitation are the
main aetiological factors for ACS in rAAA patients. Haemorrhage within the
abdominal compartment, hence volume, causes a rise in pressure (primary
ACS) as dictated by the converse relationship between pressure and volume.
Secondary ACS, whereby the pathology lies outside the abdomen, can be by
fluid resuscitation-induced bowel oedema, ascites or ischaemia reperfusion
injury, all associated with rAAA (Ganeshanantham 2010, Bifl 2001). The
indications for monitoring IAP are listed in Table 2 and are crucial for the
early diagnosis of ACS (Malbrain 2006).
Table 2. Risk factors for IAH/ACS.

Acidosis (pH < 7.2)
Hypothermia (core temperature < 33oC)
Bacteraemia / sepsis
Coagulopathy (platelets < 55 000/mm3, etc.)
Polytransfusion (> 10 U packed red blood /24 h)
Intra-abdominal infection / abscess / peritonitis
Liver dysfunction / acute pancreatitis
Mechanical ventilation / use of PEEP
Pneumonia
Abdominal surgery
Massive fluid resuscitation (> 5 L fluids/24 h
Gastroparesis /gastric distension / ileus / Volvulus
Hemo-or pneumoperitoneum
Major burns / trauma
BMI > 30
Intra-or retroperitoneal tumours
Prone positioning
Massive incisional hernia repair
Damage control laparotomy
Laparoscopy with excessive inflation pressures
Peritoneal dialysis
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Elevated IAP and pathophysiological effects
The determination of normal IAP is critical to better understanding of the
ACS and in defining the use of IAP measurement in the management of
patients with this condition. Normal IAP was determined to be zero or
slightly less than zero based on several studies performed by Emerson
(1911) and Overholt (1931). Overholt and Salkin both reported finding
subatmospheric pressure in human and animal subjects (Overholt 1931,
Salkin 1934). These studies used various designs of water manometers that
were inserted directly into the intra-abdominal cavity. Because of the
invasiveness of direct IAP measurements, other investigators searched for
alternative methods. Iberti and co-authors clinically validated the technique
of bladder pressure measurements obtained from the urinary catheter to
determine IAP (Iberti 1987). They found that IAP measured directly and
transvesically corresponded very closely (coefficient of correlation=0.91).
Chionh and colleagues reported that normal IAP using urinary bladder
pressure in awake patients is above atmospheric pressure. As a patient is
moved from the supine into an upright position, the IAP measurement
increases (Chionh 2006). They also concluded that measurements may be
higher in male than in female patients and higher in obese patients. Sanches
found that in the strictest sense normal IAP ranges from subatmospheric to 0
mmHg (Sanches 2001). A normal IAP in a critically ill patient is 5-7 mmHg.
Starting from an IAP of 12 mmHg and higher, the pressure is pathological
with negative impact on virtually all organ functions of the body (Malbrain
2006). Elevation in IAP can have several adverse effects such as decreased
cardiac output due to reduced venous return, reduced splanchnic and hepatic
perfusion, and decreased renal blood flow and glomerular filtration rate
(Schein 1995). IAH and ACS result in a variable series of pathophysiologic
sequelae depending on the underlying diagnosis, the presence or absence of
sepsis, persistence of bleeding, state of abdominal compliance, and volume
status.

Cardiovascular
With an increase in IAP, the diaphragm rises, causing an elevation of intrapleural pressure thus inhibiting venous return. This can be attributed to either
compression of the inferior vena cava and portal vein or reduced perfusion
of the lower limbs. The circulatory shift is also dependent on volume status,
and hypovolaemia causes cardiac output to become more vulnerable to IAH
(Vivier 2006, Barnes 1985). The venous stasis also leads to an increased risk
of developing deep vein thrombosis and pulmonary emboli.
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Respiratory
Raised IAP leads to increased intra-thoracic pressure and thereby increased
risk of ventilator-induced lung injuries. Ventilation problems are common
manifestations of the ACS with a reduction in total capacity and functional
residual capacity (Bloomfield 1997). At a critical abdominal pressure, the
abdominal component of breathing becomes redundant, rendering breathing
more costal and eventually impossible, causing respiratory failure.

Neurological
A secondary effect of raised intra-plural pressure is reduced cerebral
perfusion pressure as venous outflow is stemmed, which can manifest
clinically as an encephalopathy (Vegar-Brozovic 2008).

Hepatic
The liver is particularly vulnerable to a rise in IAP as both cellular
dysfunction and a reduction in perfusion. Schachtrupp and co-authors
reported that alanine transaminase and alkaline phosphatase increased in
porcine models when abdominal pressure was raised to 15 mmHg with CO2
insufflations for 24 h, and histological examination of liver lobes illustrated
hypoxic necrosis (Schachtrupp 2002).

Renal
Raised IAP leads to reduced cardiac output and renal perfusion. Oliguria
which progresses to anuria is not responsive to fluid challenges because the
vasculature has been compressed as a result of the raised IAP. Consequently,
activation of the renin-angiotensin-aldosterone axis increases vascular
resistance further (Chang 1994). End organ histological damage to renal
tissue during 15 mmHg pneumoperitoneum has been demonstrated with
tubular necrosis and medium grade nephrosis (Schachtrupp 2002).

Gastrointestinal
ACS causes gut ischaemia and thus translocation of gut bacteria and a
reduced mucosal pH (Ivatury 1998) as well as gut oedema which can lead to
further increase in IAP. The perfusion of the gastrointestinal tract can result
in a secondary physiological insult that has been associated with aortic
operations (Khaira 2005). Reintam and colleagues demonstrated that not all
patients with gastrointestinal symptoms have IAH and vice versa. Of the
patients with IAH on admission to ICU, 76% also experienced food
intolerance (FI), whilst only 25% of the patients with FI had IAH. Some of
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the future IAH patients demonstrated FI on admission to the ICU when IAH
itself was not yet present, and only a few future FI patients showed IAH,
when FI was not yet present on admission. The authors concluded that these
findings support the necessity of combining these two variables (FI and
IAH) into the gastrointestinal failure score (Reintam 2008).

Incidence of IAH/ACS after AAA surgery
Gross and co-authors documented the clinical consequence of a tense
abdomen in 1948 (Gross 1948). However, the term “abdominal compartment
syndrome” (ACS) was first suggested by Kron in 1984 (Kron 1984). The
first report trying to establish the incidence of ACS was published by
Fietsam in 1989. In a retrospective study of 104 patients operated on for
rAAA from 1978 to 1988, four patients developed ACS and two were left
with an OA at the end of the repair. No results of IAP measurement were,
however, presented in the publication (Fietsam 1989).
Platell and colleagues measured IAP after abdominal aortic surgery in 42
patients to evaluate the association between IAP and renal function. Only six
patients in this report had emergency surgery and the number of patients
operated on for rAAA was not given. Ten patients underwent reoperation for
bleeding or bowel ischaemia, most of whom were operated on electively.
The authors concluded that an IAP of 18 mmHg predicted renal impairment,
which was common (53%) in that series (Platell 1990). In a study of 23
patients operated on for rAAA during a 2-year period by Akers and coauthors, four were treated with delayed abdominal closure and two were
decompressed due to ACS. Mortality among these six patients was 50%. No
IAP measurements were reported (Akers 1991).
Oelschlager and co-workers performed a retrospective study using data
from 38 patients operated for rAAA, of whom 39% died during surgery. Of
the 23 patients who survived the operation, 15 patients died in the
postoperative period. The total perioperative mortality was 79% in the study.
Among the 23 patients who survived, 8 patients were left open or were
reoperated. However, no IAP measurement was reported (Oelschlager 1997).
In a prospective study of 25 patients operated on for rAAA by Björck and
colleagues, the IAP was measured in the bladder every 6 h during the
postoperative ICU stay. Four patients had IAP above 18 mmHg without any
clinical consequences. Three had prolonged IAH above this IAP level and
underwent decompression. Two of them were also noted to have colonic
gangrene. There was no mortality, indicating a possible benefit of measuring
IAP (Björck 2000). In a report from Papavassiliou and co-authors, 75
patients were studied and among them, 22 were operated on for rAAA. IAP
was measured only once every 24 h, and only if the patient was still on the
mechanical ventilator. Among the patients operated on for rAAA, all of
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whom were on the mechanical ventilator at 24 h and thus were measured at
least twice, 12/22 (55%) had an IAP > 15 mmHg (Papavassiliou 2003). The
published update of the Cochrane Review on endovascular treatment of
rAAA did not state the problem of IAH/ACS (Harkin 2007). Mehta and coworkers published two papers, in 2005 they reported an incidence of 20% of
ACS among 30 patients treated with EVAR for rAAA. IAP was not
routinely monitored (Mehta 2005). In 2006 they reported an incidence of
17% of ACS among 40 patients treated with EVAR for rAAA (Mehta 2006).
Mayer and co-authors reported that during 10 years of experience with
emergency EVAR in 102 patients with rAAA, 20/102 (20%) patients had
ACS. However, the authors did not report any IAP measurements, how often
they measured IAP, or any information about the presence of IAH (Mayer
2009). In summary, IAH and ACS are common and potential serious
complications after OR in patients with rAAA. Early detection and treatment
of IAH and ACS may improve outcome.

Management of IAH/ACS
The patient with IAH or ACS represents one of the most complex situations
a clinician can encounter. The patient requires careful management,
haemodynamic monitoring, and mechanical ventilation, appropriate fluid
and vasoactive medication and nutrition support similar to any critically ill
patient.
An advantage of routine monitoring of IAP is that early conservative
treatment of IAH can be initiated. Treatment of IAH and ACS can be
divided into two categories: medical and surgical. For patients with ACS and
rapidly failing organ dysfunction, an urgent surgical treatment should be
considered. In some patients, such as those with abdominal trauma or a
ruptured aortic aneurysm, abdominal closure at the end of the procedure may
be difficult. In this case, open abdomen (OA) treatment with a temporary
abdominal closure system may be the alternative, with closure of the
abdomen as soon as the patient’s physiology allows. The WSACS published
practice guidelines for the diagnosis, management, and prevention of IAH
and ACS (Cheatham 2007), which are discussed below.

Non-surgical management
Non-surgical treatment of IAH/ACS consists of five therapeutic
interventions: evacuate intraluminal contents, evacuate intra-abdominal
space-occupying lesions, improve abdominal wall compliance, optimise
fluid administration, and optimise systemic and regional tissue perfusion
(Cheatham 2009). Nasogastric decompression and colonic decompression
can be attempted with a nasogastric or rectal tube, with decompression
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colonoscopy, or pharmacologically. Percutaneous evacuation of fluid
(ascites, intra-abdominal abscess, retroperitoneal haematoma) is an effective
technique for reducing IAP, restoring both regional and systemic perfusion
(Para 2006, Corcos 2001, Cheatham 2009). Neuromuscular blockers target
the compliance of the abdominal wall. Increased thoracoabdominal muscle
tone due to pain, agitation, and or use of accessory muscles during breathing
results in an increased IAP (Malbrain 2005, Hakobyan 2008). De Waele and
colleagues reported, in a prospective study, that nine out of ten patients with
IAH reduced their IAP significantly by using a single dose of cisatracurium
(De Waele 2006). There are, however, important side effects of prolonged
neuromuscular blockage, such as the risk of pneumonia.
To evaluate the volume status of the patient is important, since
hypovolaemia causes hypoperfusion of the abdominal organs. In particular
the left colon is vulnerable to hypoperfusion after AAA repair, which can be
monitored by tonometry of the sigmoid colon, thereby allowing timely
reversion with volume. According to the guidelines (Cheatham 2007)
hypertonic solutions in combination with furosemide infusion are
recommended. Studies on burn patients and mixed non-trauma surgical
patients have found that resuscitation with isotonic crystalloids increases the
risk of developing IAH/ACS compared with resuscitation with hypertonic
crystalloid or colloid solutions (Cheatham 2007). Balogh et al. compared
two different trauma resuscitation strategies (500 and 600 mL/min per
square meter, respectively) and found that supranormal resuscitation doubled
the risk of IAH, ACS, organ dysfunction, and death (Balogh 2003).
Another important issue is the urinary output in patients operated on for
rAAA. Hypertonic colloid solutions in combination with furosemide are
used in the routine management to volume replacement. However, when
urinary output is insufficient, venovenous renal replacement therapy should
be considered early to reverse the volume overload (Bonfim 2007).

Surgical decompression technique
If the conservative methods described above are unsuccessful and IAP is >
20 mmHg and ACS develops, a decompression of the abdomen is necessary
and life-saving (Chen 2008). Decompression laparotomy should not be
delayed if IAP is above 30 mmHg, which is a life-threatening situation with
a risk of acute circulatory arrest. Decompression laparotomy is performed
through a complete midline incision which results in a significant drop in
IAP (De Waele 2006). All layers (skin, fascia, and peritoneum) are divided
through a vertical midline incision extending from the xiphoideum to the
pubis. Alternatively, a bilateral subcostal incision a few centimetres below
the costal margins can be used to perform a full-thickness laparostomy
(Leppaniemi 2009). A third method utilizes three, short, horizontal skin
incisions to perform a subcutaneous linea alba fasciotomy with the
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peritoneum intact (Leppaniemi 2009). Decompression surgery is not without
risks, as managing the patient with an OA is a great challenge. Temporary
abdominal closure is needed to protect the intestines, maintain a clean
environment, and avoid fluid and temperature loss. However, abdominal
closure should be performed as soon as possible without compromising the
patient’s condition. A classification system of the OA was designed to
standardize clinical guidelines for improving OA management (Björck
2009). The suggested grading is described in Table 3:
Table 3. Proposed classification of the open abdomen.
Grade
1A
1B
2A
2B
3
4

Description
Clean OA without adherence between bowel and abdominal wall or fixity
of the abdominal wall (Lateralization)
Contaminated OA without adherence/fixity
Clean OA developing adherence/fixity
Contaminated OA developing adherence/fixity
OA complicated by fistula formation
Frozen OA with adherence/fixity bowel, unable to close surgically, with
or without fistula

The combination of vacuum-assisted wound closure (VAWC) (Suliburk
2003) and mesh-mediated fascial traction (VAWCM) (Petersson 2007) has
been shown to be effective in approximating the fascial edges in patients
treated with long-term OA (Petersson 2007). The VAWCM method is
becoming more popular as it allows easier care of patients with OA and was
shown to be successful in a large multicentre trial (Acosta 2011).
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Aims of the thesis

The overall aim of this thesis is to evaluate the importance of intraabdominal hypertension and colonic ischaemia after ruptured abdominal
aortic aneurysm repair. The specific aims are:
1. To investigate the importance of IAH and ACS based on the consensus
definition after open repair for rAAA. (Study I)
2. To investigate the incidence and the clinical consequences of IAH and of
ACS after open repair for rAAA. (Study I and Study II)
3. To investigate the association between colonic ischaemia and IAP
among patients operated on for rAAA with open repair. (Study II)
4. To evaluate extraluminal tonometry, compared with the standard
intraluminal monitoring. (Study III)
5. To investigate the incidence and the clinical consequences of IAH and of
ACS after endovascular repair for rAAA. (Study IV)
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Patients and methods

Paper I
A retrospective study was performed using data from patients operated on
for rAAA between January 2002 and March 2003 at the University Hospital
in Uppsala, Sweden. The study population was the 27 patients who were
operated on for infrarenal rAAA, out of a total of 75 patients who underwent
surgery for AAA. A total of 48 patients were excluded from analysis due to
surgery for the suprarenal AAA, elective OR of AAA, elective EVAR, and
those who underwent emergency repair without rupture (Figure 5).
Seventeen of the 27 patients had IAP monitored in the bladder every 4 h.
The selection for IAP measurement was based on perioperative factors.
Patients with uncomplicated events, such as contained rupture without
shock, or who were extubated immediately postoperatively, were not
considered for IAP measurement.

Figure 5. Overview of patients in study I.

Measurement of IAP was performed intermittently intra-vesically by
connecting the aspiration port of the urinary catheter to a pressure transducer
after having installed 50 mL of saline into the bladder (Kron 1984), and
results were reported in mmHg (1 mmHg=1.36 cm H2O). It should be noted,
however, that these measurements were performed before the consensus
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document was published in 2006, which recommended using 25 mL of
saline when performing intermittent IAP-measurements (Malbrain 2006).

Paper II
Patients
A prospective study was performed on a total of 52 patients who underwent
OR for rAAA at Gävle County Hospital and Uppsala University Hospital
between April 2003 and December 2005.

Sigmoid colon tonometry
A balloon catheter was placed in the lumen of the sigmoid colon with the aid
of a colonoscope in the operating theatre at the end of the operation or
immediately after admission to the ICU. Intraluminal pCO2 was measured
automatically every 10 min with a Tonocap® device and pHi was calculated
by entering the tonometrically measured pCO2 and the arterial bicarbonate
concentration into the Henderson-Hasselbalch equation (Fiddian-Green
1982) every 4 h for 72 h, then every 6-8 h for as long as the patient was
treated in the ICU, or until the catheter was expelled by return of intestinal
function. If the catheter was expelled within the first 72 h, it was
repositioned after a diagnostic colonoscopy, as early bowel movement may
be a sign of CI. When low pHi values were registered, more frequent
measurements were performed. Colonoscopy was indicated when persistent
low pHi values were recorded, to ensure that the balloon catheter was in
contact with the mucosa (i.e. to rule out that faecal contamination affected
the readings) and to assess the grade of ischaemic injury.

IAP measurement
Measurement of IAP was performed indirectly intra-vesically, as described
by Kron and colleagues (Kron 1984), every 4 h by the aspiration port of the
catheter to a pressure transducer after having installed 50 mL of saline were
installed into the bladder. The consensus document published in 2006 and
states that the reference standard for intermittent IAP measurements is via
the bladder with a maximum installation volume of 25 mL saline. However,
this study started in April 2003 before WSACS guidelines were published.

Intervention
The study was open: monitoring results were known to investigators and
staff, who based their interventions on the results. Patients with a pHi of 7.1
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or less were treated for suspect hypovolaemia with intravenous colloid
(plasma or albumin), and those who continued to have low pHi despite
volume resuscitation underwent colonoscopy. Patients with an IAP of at
least 20 mmHg were treated with diuretics, colloid, and neuromuscular
blockade, as described in the recommendations from the consensus
conference (Malbrain 2006), and decompression laparotomy when indicated.
(After completion of the study, routine care become more pro-active,
initiating conservative treatment at a lower IAP threshold of >12-15 mmHg).

Paper III
Patients
This was a prospective study performed during November 2008 and August
2010 on 38 patients who underwent OR for an AAA at Gävle County
Hospital. All patients who were treated with EVAR were excluded from the
analysis. Extra-and intraluminal sigmoid colon tonometry was performed in
18 patients, 8 patients who were operated on for rAAA and 10 patients
operated on electively for AAA. Bowel rinsing (Klyx® Ferring) was
performed the day before surgery in patients who were operated on
electively to avoid the problems associated with colonic contents. Intra- and
extraluminal pCO2 were measured automatically every 10 min with two
Tonocap® devices. The pHi was calculated using tonometers and
conventional blood-gas analyses every 4 h for 48 h. Patients with a pHi of
7.1 or less were treated for suspect hypovolaemia with intravenous colloid,
and those who continued to have low pHi despite volume resuscitation
underwent colonoscopy. IAP was measured in the bladder with the
FoleyManometer device every 4 h during at least the first 48 h
postoperatively (De Potter 2005).

Extraluminal/intraluminal tonometry
A tonometric catheter was placed extraluminally in the left lower quadrant of
the abdomen, with the balloon placed in the retroperitoneal fold, lateral to
the sigmoid colon, in close contact with the serosa surface, before abdominal
closure. The other catheter was placed in the sigmoid colon, with the aid of a
colonoscope in the operating theatre at the end of surgery, after abdominal
closure. For bacteriological safety reasons, the extraluminal pH (pHe)
measurements were only performed during 48 h after surgery.
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Paper IV
A prospective study was performed in all patients who were treated with
EVAR for rAAA at Gävle County Hospital and Uppsala University Hospital
during August 2004 and May 2010 were included, in total 32 patients.
Rupture was defined as extravasations of blood outside the aortic wall
confirmed by CT. All patients with rAAA were considered for EVAR except
when: 1) preoperative CT indicated unsuitable morphology for endovascular
treatment, 2) the surgeon on call was not comfortable performing EVAR in
an emergency setting, or 3) preoperative CT was not feasible in a severely
haemodynamically unstable patients. IAP was measured in the bladder with
the FoleyManometer device, every 4 h during at least the first 48 h
postoperatively in most of the patients (24/29 patients IAP monitored with
FoleyManometer technique).

Statistics and ethics
Statistical evaluation of the data was carried out with a computer software
package (SPSS PC version 14.0-18.0, Chicago, Illinois, USA).
The Spearman rank test was used to analyse the correlation between pHi
and IAP in study II. Fisher’s exact test was used for comparison of two
proportions (Study II, III), Kendall’s tau-b test to measure associations of
ordinal variables, and Wilcoxon’s rank sum test for comparison of age in
study II. P<0.050 was considered significant (Study II, III, IV).
Sensitivity, specificity, positive predictive value, negative predictive value
and accuracy were used to evaluate the study III.
Group differences in ordinal variables were tested with chi-square-test and
differences between proportions with 95% confidence intervals and time
trends with linear-by-linear associations-test in study III.
The studies (Study II-IV) were approved by the Research Ethics Committee
of Uppsala University Hospital.
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Results

Paper I
Twenty-seven patients who were operated on for a rAAA were
retrospectively reviewed. The patients, 22 male and five female had a mean
age of 72 years. Among preoperative risk factors, 22 (81%) had
hypertension, 17 (63%) cardiac disease, 12 (44%) pulmonary disease, five
(18%) cerebrovascular disease, two (7%) diabetes mellitus, and two (7%)
had renal insufficiency. None of the patients with IAP < 21 mmHg
developed CI (Figure 6). Two of these patients required further surgery for
bleeding, both survived.
Of four patients with IAH grade III, two underwent colonic resection with
decompression and survived. One of them suffered mucosal CI, was
decompressed and treated with OA, but died from cardiac arrhythmia. Five
25 mmHg (IAH grade IV). All of these patients
patients had IAP
developed clinical signs of ACS. Two were not decompressed and both
developed pulmonary complications, one also developed Systemic
inflammatory response syndrome (SIRS) and died. Three out of five patients
30 mmHg. Two of these three patients underwent colonic
had IAP
resection and decompression laparotomy and one was treated with OA, all
three survived, Figure 6. Of the 10 patients who were not monitored with
IAP, one patient died of a cardiac complication, but none of these patients
developed signs of CI or of ACS.
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Figure 6. Overview of patients and results in study I. SIRS= Systemic Inflammatory
Response Syndrome

Paper II
Eight patients died shortly after surgery (mean 5.5 [range 1-13] h). They
were all at least 80 years of age and had multiple co-morbidities. The short
postoperative period precluded any meaningful postoperative monitoring. A
total of 15 patients did not undergo pHi monitoring for the following
reasons: the pHi measuring device was occupied by another patient (two
patients), the tonometer could not be placed because of large amounts of
faeces (two patients), previous sigmoid colon resection with colostomy (one
patient), previous cystectomy precluded IAP monitoring (one patient), no
room available in the ICU (one patient) and unavailability of a researcher
(eight patients). The 30-day mortality rate in these patients was 33% (5/15).
Monitoring was performed in 29 patients through the postoperative period in
ICU. The 30-day mortality rate in these patients was 3% (1/29) compared
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with 33% (5/15) for those who were not monitored. The overall 30-day
mortality rate was 27% (14/52).
A pHi of 7.1 or less occurred in 23 patients and a pHi of 6.9 or less in 15
patients. Sixteen patients had an IAP of 20 mmHg or more, of whom ten also
had a pHi below 6.9. The temporary relationships of IAH and pHi in ten
patients are shown in Figure 7.

Figure 7. Temporary relationship between intra-abdominal hypertension (IAH) and
intramucosal pH (pHi) in ten patients who had both intra-abdominal pressure (IAP)
of at least 20 mm Hg and pHi below 6.90.

There was a significant correlation between all simultaneously measured pHi
and IAP values (-0.19, P<0.001). The correlation between the lowest pHi
registered for each patient and the corresponding, simultaneously measured,
IAP was -0.27 (P=0.047) (Figure 8).
37

Figure 8. The lowest intramucosal pH (pHi) value registered for each patient against
its corresponding intra-abdominal pressure (IAP), with line of regression.
Correlation -0.27 P=0.047

Paper III
Among patients with rAAA (8 patients), three patients developed ACS
(37%) and one of them also developed clinically relevant CI. Among
patients who were operated on electively (10 patients), two developed ACS
and one of them also had CI and died. The 30-day mortality rate among
patients with rAAA was 12% (1/8) and 10% (1/10) in patients operated on
electively. The correlation between all simultaneously measured pHi- and
pHe- values was 0.88 (P<0.001).The corresponding pHi- and pHe-values are
displayed in a scatter plot (Figure 9).
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Figure 9. Intraluminal pHi-value registered for 18 patients against its corresponding
extraluminal pHe-value, with line of regression. Correlation 0.882. P<0.001.

The mean pHi-value was 7.18 0.11 (standard deviation [SD]), median 7.21
and (range 6.80 to 7.34). The pHe-value was 7.28 0.09 (SD), median 7.30
and (range 7.10 to 7.45). With a pHe-value < 7.2 as a cut-off to detect CI
(defined as pHi<7.1) the sensitivity was 95% and the specificity was 95%.
The accuracy was 95%, and the positive and negative predictive values were
0.08 and 0.99, respectively. The positive likelihood ratio (LR+) was 19 and
the negative likelihood ratio (LR-) was 0.05. Comparing a pHi-value < 6.9
and extraluminal with pHe-value < 7.2 resulted in a sensitivity of 100% and
a specificity of 87%. The accuracy was 88%. The positive predictive value
was 0.43 and the negative predictive value was 1.0. LR+ was 7.5 and LRwas 0. A Bland-Altman plot was used to compare the extraluminal and
intraluminal pCO2 values (Figure 10). There were 1536 simultaneous
measurements. The mean difference of extra-/intraluminal pCO2-value was
0.58 + 0.39 (SD) with a 95% confidence interval (-0.56 to -0.60).
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Figure 10. Difference between the extra-and intraluminal pCO2 measurements
2SD) -0.583 0.771.
according to Bland-Altman. Bias value= (mean

Paper IV
A total of 32 patients were treated with EVAR for rAAA, but only 29
patients were monitored for IAP. Three of 32 patients were not monitored
for IAP, two of these patients died on the first postoperative day. The short
postoperative period precluded any meaningful postoperative monitoring.
The third patient underwent successful EVAR and was shortly thereafter
transferred back to the county hospital (not participating in this study).
The 30-day mortality rate among these patients was 7% (2/29). Nine
patients (31%) were in shock upon arrival to the hospital. An occlusion
balloon was used in two patients, both patients were in shock and one of
them had cardiac arrest (asystole) at arrival to the hospital. The patient in
cardiac arrest developed cerebral ischaemia and died because of stroke, the
maximum IAP was only 8 mmHg. An IAP greater than 15 mmHg was
registered in 10 out of 29 patients (34%). Six patients had an IAP >20
mmHg (21%), of whom three were successfully treated conservatively and
three (3/29, 10%) developed ACS and underwent decompression
laparotomy. All patients except one with perioperative shock developed
some degree of IAH.
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General discussion

Ruptured AAA remains a significant public health concern. Many patients
with rAAA do not reach the hospital and die at home. Also despite
development of new techniques such as endovascular repair, improved pre-,
peri-, and postoperative care, knowledge on when to operate and how to treat
complications, many patients with rAAA who do receive medical care will
not leave the hospital alive. Pre-existing factors that are highly predictive for
outcome such as advanced age, pre-operative shock, oligouria, surgeon
volume and special training, and postoperative complications, have been
reported in several studies (Egorova 2008, Cho 2008, Dueck 2004). One of
the devastating complications after abdominal aortic surgery is IAH/ACS.
Patients at risk for IAH/ACS are those who suffer major bleeding, not only
during rAAA, but also during complicated elective surgery. Before
consensus definitions concerning IAH/ACS were established in 2004, there
was confusion regarding how to measure IAP, and the definitions of IAH
and ACS. This is no longer problems. What is the implication of the ACS
consensus definition in this clinical circumstance? What is the true incidence
of ACS?
The retrospective review of 27 patients operated on for rAAA (Study I)
showed that IAH and ACS were common among patients treated with OR
for rAAA. Of the 17 patients monitored, 9 patients had an IAP > 20 mmHg.
Four patients had an IAP 21-25 mmHg, of whom two underwent colonic
resection with decompression and survived. Five patients had an IAP > 25
mmHg (IAH grade IV), of whom all developed clinical signs of ACS. Of
eight patients with IAP < 21 mmHg, none developed colonic ischaemia or
ACS. The previously reported association between CI and IAH was verified
in this study (Study I). All patients who developed CI also had raised IAP in
study I. Decompression laparotomies were often life-saving, five of six
patients survived (Study I). Papavassiliou and colleagues reported that
among patients operated on for rAAA, 12/22 (55%) had an IAP > 15 mmHg.
IAP was measured every 24 h when the patient was still on the mechanical
ventilator (Papavassiliou 2003). Platell and co-workers measured IAP in 42
patients operated on for rAAA and concluded that patients with renal
impairment had significantly higher IAP measurement and patients requiring
re-exploration had a rising IAP and decreasing urinary output (Platell 1990).
Björck and colleagues reported result from 25 patients operated on for
rAAA, and who had IAP measured every 6 h during the postoperative stay in
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the ICU. Four patients had isolated values above 18 mmHg without any
clinical consequence and three had consistent prolonged IAH and were
decompressed: two had colonic gangrene (Björck 2000). There are several
reports on ACS after rAAA, however, none describes whether patients have
been monitored with IAP consistently (Akers 1991, Oelschlager 1997,
Papavassilious 2003).
Results from study I suggest that the consensus definitions on ACS are
appropriate for patients after OR for AAA, since 78% with IAH grade III or
IV developed organ failure and all six patients who developed mucosa or
transmural CI had IAH. Result from study I also suggest that there might
been an association between IAH and colonic hypoperfusion in patients
operated on for rAAA. Early recognition and treatment of IAH may also
improve colonic perfusion. Study II investigated the role of IAH in adverse
outcome after OR of rAAA and established an association between IAH and
colonic hypoperfusion.

Colonic hypoperfusion and IAH/ACS
Independent risk factors for CI are preoperative shock, emergency surgery,
age, type of hospital, aortobifemoral grafting, operation and cross-clamping
times as well as ligation of the internal iliac arteries (Björck 1996). In study
by Becquemin and colleagues, univariate analysis found that type of
treatment, duration of operation, renal disease, pulmonary dysfunction,
blood loss, and femoral anastomosis were statistically associated with the
onset of CI. Logistic regression analysis showed that rupture, duration of
operation, and renal disease were independently associated with CI
(Becquemin 2008). Prolonged cross-clamping and major bleeding may
create a situation of hypovolaemia.
In study II the conclusion was that raised IAP is an important mechanism
behind colonic hypoperfusion after rAAA repair. Twenty-three of 29
patients had a pHi of 7.1 or less, of whom 15 had a pHi of 6.9 or less.
Sixteen patients had an IAP of 20 mmHg or more, of whom ten also had a
pHi below 6.90. Peak IAP values correlated with the simultaneously
measured pHi. Sugrue and co-workers demonstrated a strong association
between gastric pHi and increased IAP in 73 patients undergoing major
abdominal surgery (Sugrue 1995). However, the possible relationship
between colonic pHi and IAP had not previously been studied. The other
observation in study II is that many patients experienced colonic
hypoperfusion during the first few hours after surgery, as a result of
preoperative shock and clamping but before the development of IAH.
Preventive action to treat hypovolaemia is important. Capillary leakage due
to the inflammatory response following trauma, results in the need for
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volume resuscitation. This active approach, on the other hand, can
precipitate IAH. Another interesting observation in study II was that the
large number of interventions among the sickest patients, those with lowest
colonic pHi, was associated with a low subsequent mortality.
The fluid resuscitation is controversial, hypovolaemia and development of
CI in one hand, and active fluid resuscitation with risk for IAH and ACS in
other hand. It is recognized that CI follows hypovolaemia (Study II). IAH
may partly be the result of the active fluid resuscitation. Monitoring IAP and
pHi may help to control these two mechanisms and reduce the risk of CI.
Although colonic tonometry is a reliable method to detect CI, this method
has not been put into clinical practice because of practical problems,
particularly in the emergency setting, when the patient’s bowel is not
prepared, some patients were excluded for this reason in study II. Another
practical problem is that the measuring device may be dislocated by bowel
movements, which often start early in patients with CI (Fiddian-Green 1986,
Björck 1994). These experiences from study II were the rationale for
performing study III, to evaluate an alternative, more practical method,
external sigmoid colon tonometry.

External sigmoid colon tonometry
Koga and colleagues performed an experiment comparing intraperitoneal (in
the right lower quadrant of the abdomen) tonometry with traditional
intraluminal tonometry in pigs subjected to endotoxic and hypoperfusion
shock (Koga 1999). They found that pCO2 obtained from catheter placed in
the intraperitoneal cavity gave lower values than those obtained from the
sigmoid colon, both in the endotoxic shock and hypoperfusion shock groups
(Koga 1999, 2000). The changes were in parallel. They concluded that the
intraperitoneal placement of the tonometric catheter had other qualities since
measurements were not disturbed by faeces and this monitoring method was
considered most appropriate for postoperative monitoring of intestinal
perfusion to detect ischaemia after extensive abdominal surgery.
No previous investigation has been performed evaluating the possibility
of monitoring colon perfusion by leaving a tonometric device extraluminal
in close contact with the outer surface of the sigmoid colon, in patients
operated on for AAA. In study III we found that the extraluminal pCO2
followed the intraluminal pCO2 values with a difference of approximately
-0.5 until a threshold of 9 kPa, but at higher pCO2 values, the pHe-value did
not follow the pHi-value. This is a confirmation of counter-current
mechanism protecting the serosa when the intestine is subject to ischaemia
(Haglund 1987). Extraluminal pCO2 did not increase as quickly as
intraluminal pCO2 with severe CI. This can be observed in the Bland-Altman
plot (Figure 9 page 39). The measurements followed one another well until a
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pCO2 level of 9 kPa, but when that increased in response to a lower pHi/pHe
and more serious ischaemic state, the externally measured pCO2 was
markedly lower. That severe CI was not distinguished with the new method
is an important limitation. Nonetheless, even with the limitation,
extraluminal tonometry can still be an alternative method for monitoring
colonic hypoperfusion. The new method is feasible and practical. Placing the
catheter in the abdomen at the end of surgery is quick and easy, there is no
interference with the bowel contents, and the method could easily be put into
clinical practice. A pHe cut-off value of 7.2 could work as a threshold for
further diagnostic activity. It corresponded well with a pHi-value of 7.1, the
sensitivity was 95%, and the specificity 95%. The findings of the study
support that the new method could be useful for identifying patients at risk
and perhaps be used to monitor pHi and identify low grade CI early. The pHi
value of 7.1 was selected because this level of pHi or less was considered a
threshold for intervention, based on experimental studies that have shown
that supply-dependent oxygen consumption develops at this level followed
by an anaerobic metabolism (Antonsson 1995). Also, some degree of CI
exists at a pHi below 7.1, and if the level is below 6.9 for more than two
hours, a colonic gangrene is likely to have developed (Fiddian-Green 1982,
Björck 1994). The hypothesis that using extraluminal tonometry as a
screening test, where a pHe below 7.2 indicates suspect CI would need to be
confirmed in a larger prospective study.
EVAR is minimally invasive surgery for the treatment of AAA based on the
use of a stent graft, usually deployed inside the aneurysm through femoral
access to exclude the AAA sac from the circulation. Potential advantages of
EVAR over OR include reduced operative time, avoidance of general
anaesthesia, less trauma and postoperative pain, reduced length of hospital
stay and less need for ICU resources (Moll 2011). Patients with rAAA most
likely benefit from a less invasive procedure and more and more patients are
treated with this technique. IAH and ACS are common and potential serious
complications after OR for rAAA. However, what do we know about
IAH/ACS after EVAR for rAAA?

IAH/ACS after EVAR
EVAR of rAAA is feasible and offers potentially decreased morbidity and
mortality (Veith 2003, Greenberg 2000, Hechelhammer 2005, Malina 2008).
On the other hand, there is an increased recognition of complications, such
as ACS. There are few reports on ACS after EVAR. Large retroperitoneal
haematoma and diffuse visceral oedema may also contribute to IAH/ACS
after EVAR for rAAA (Veith 2003, Ohki 2000). Mehta and colleagues
reported an incidence of ACS of 20% among 30 patients with rAAA treated
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with EVAR (Mehta 2005), however, no IAP measurements were reported.
They identified four risk factors for developing ACS: use of an aortic
occlusion balloon, massive transfusion, coagulopathy, and conversion from
aortobi-iliac to aortouni-iliac. The mortality among patients with ACS was
higher (67% vs. 13%, P=0.01). In their later report of 40 patients with rAAA
operated on with EVAR, the frequency of ACS was 17% (Mehta 2006).
In study IV, 34% of patients had an IAP > 15 mmHg and 21% had an IAP
above 20 mmHg. ACS developed in 3 patients (10%). Five out of six
patients with IAP > 20 mmHg presented with preoperative shock and all
patients except one with preoperative shock developed some degree of IAH.
Mayer and co-authors reported that 20 of 102 patients (20%) developed ACS
(Mayer 2009), a higher proportion than in the present study (Study IV) in
which 10% developed ACS and two (6%) were treated with OA. There are
several possible explanations for this difference in the frequency of OA
treatment. Mayer’s group had a very pro-active approach to OA treatment.
They stated that “decompression laparotomy was done in all cases before
organ failure occurred”. By the WSACS definition of ACS of an IAP > 20
mmHg and new organ failure, no patients in Mayer’s study had ACS. In the
study by Mayer and colleagues, no information was provided concerning
either IAP measurements or how many patients developed IAH, or if they
were treated conservatively before developing ACS, as in study IV.
Cheatham and Safscak reported decreased mortality from 72% to 50%
among 478 patients treated with OA. They implemented WSACS
recommendations, summarized as a proactive strategy initiating conservative
treatment early with IAP >12 mmHg, and performing decompression
laparotomy before multiple organ failure develops (Cheatham 2010). In
summary, IAH/ACS is common after open and endovascular operation for
rAAA and is associated with adverse outcome. In the early postoperative
period, the development of IAH/ACS is dynamic, with quick changes. It is
advantageous to keep a high index of suspicion for this entity. The main
advantage of serial IAP monitoring is that conservative treatment of IAH can
be initiated early before dangerous levels of IAH develop. In study IV we
implemented the WSACS guidelines, including aggressive conservative
treatment of IAH in order to prevent ACS (Figure 11).
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Figure 11. Management algorithm for patients operated on for ruptured AAA.

In summary, managing patients with rAAA is one of the most complex
situations a vascular surgeon can encounter. Such patients should
immediately be transferred to the operating theatre and require careful
management pre-, peri-, and postoperatively. IAH/ACS and CI are
devastating complications after surgery for such patients. Monitoring IAP
and colonic perfusion and timely intervention may improve outcome after
surgery for patients with rAAA. Raised IAP is an important mechanism
behind colonic hypoperfusion. One of the observations in study II was that
many patients experienced colonic hypoperfusion during the first few hours
after surgery, as a result of preoperative shock and clamping but before the
development of IAH. Patients with hypoperfusion were treated with plasma
or albumin. Another observation in study II was that the large number of
interventions among the sickest patients, those with lowest colonic pHi, was
associated with a low subsequent mortality. These observations raise the
important issue of implementing resuscitation strategy initially and
postoperatively in patients with rAAA.

Effect of volume resuscitation in patients with rAAA
There are limited data available in the published literature describing the
benefits and disadvantages of various resuscitation strategies in the
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management of patients with rAAA (Roberts 2006, Mell 2010). The
relationship between massive haemorrhage and death after trauma is well
documented, as is the importance of avoiding the triad of acidosis,
hypothermia, and coagulopathy to decrease mortality after traumatic
haemorrhage (Gonzalez 2007, Spinella 2008). The patient with rAAA is
comparable to the massive haemorrhage trauma patient because of the
volume and rate of blood loss. Balogh and colleagues compared two
different trauma resuscitation strategies (500 and 600 mL/min per square
meter), they concluded that supranormal resuscitation doubled the risk for
IAH, ACS, organ dysfunction, and death (Balogh 2003). Studies including
mixed non-trauma surgical patients have shown that resuscitation with
isotonic crystalloids increases the risk compared with resuscitation with
hypertonic crystalloid or colloid solutions (Cheatham 2007).
Permissive hypotension technique in patients with rAAA in which
volume is given to maintain a systolic blood pressure of 80-100 mmHg until
aortic control is achieved has been shown to decrease the risk of
uncontrolled haemorrhage (Roberts 2006). Clinical evidence in the trauma
literature reveals a modest percent decrease in mortality (38% vs. 30%, P=
0.04) with permissive hypotension (Whinney 2000). Several reports have
demonstrated improved survival with damage control resuscitation strategies
(Holcomb 2007, Cotton 2008). This approach involves less crystalloid
during the early resuscitation, lower tolerated blood pressure measurements,
and higher ratio of plasma and platelets to red blood cells (RBC). The model
of traumatic resuscitation has shifted in recent years since the discovery that
military patients who required massive resuscitation had decreased mortality
when the ratio of packed red blood cell (PRBCs) to fresh frozen plasma
(FFP) (PRBC:FFP) transfused approached a more equivalent ratio than the
traditional ratio of 3-4 units of PRBCs for each unit of FFP (Gonzalez 2007,
Spinella 2008). Initial civilian studies also have generated similar
conclusions and push for resuscitation in the massively haemorrhaging
patient with a more equal ratio of PRBCs to FFP has become known as early
plasma transfusion or haemostatic resuscitation (Gonzalez 2007, Spinella
2008). Mell and co-workers investigated the effect of the PRBC:FFP ratio on
mortality for patients with rAAA. The study was a retrospective review of
168 patients who were operated on for rAAA with massive haemorrhage.
They found that early FFP transfusion for patients with massive
haemorrhage after rAAA was associated independently with decreased
mortality. They also found a lower incidence of CI in the patient group
receiving a more equal PRBC:FFP ratio (Mell 2010). In study II, patients
with low pHi were resuscitated with plasma or albumin to treat the colonic
hypoperfusion during the first few hours after surgery. It is possible that
early FFP resuscitation may have essential survival implications in the
treatment of all patients with rAAA. Potential risks of FFP have been
described for trauma resuscitation, including increased respiratory failure
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and transfusion reactions. There are no studies about the potential risk of
FFP in rAAA, and the risk of FFP must be weighed against the potential
benefits in future studies.
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Future perspectives

There are several areas in which research can guide improvements in the
care of patients with AAA. Some of these areas are listed below:
Prospective study on the effect of hypotensive resuscitation in
patients with rAAA.
Effect of early plasma transfusion on mortality in patients with
rAAA.
Effect of plasma transfusion to reduce colonic hypoperfusion after
surgery for AAA.
External tonometry as a screening test to detect early stages of
colonic hypoperfusion.
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Conclusions

The ACS consensus definition appears to be appropriate in patients
operated on for rAAA with open repair.
IAH and ACS are common and potentially serious complications
after open repair for rAAA.
Two mechanisms behind CI were identified, hypovolaemia and
IAH. Monitoring and timely intervention of these two mechanisms
may prevent CI and improve outcome.
Extraluminal tonometry may serve as a screening test for suspect CI,
however, is not able to evaluate the severity of ischaemia.
IAH and ACS are common and potentially serious complications
after EVAR for rAAA.
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Populärvetenskaplig sammanfattning
(Summary in Swedish)

Abdominellt aortaaneurysm (AAA) innebär en sjuklig vidgning av stora
kroppspulsådern i buken. Normalt är diametern på kroppspulsådern cirka 2
cm, men när diametern är 3 cm eller mer har man ett aneurysm, och cirka 5
% av alla män över 65 års ålder har denna sjukdom. För kvinnor är siffran
ungefär 1 %. Ett bukaortaaneurysm expanderar långsamt för att så
småningom brista (rupturera). Pulsåderbråck på stora kroppspulsådern är en
av de vanligaste dödsorsakerna i Sverige. Varje år avlider mellan 700 och
1000 svenskar av att bråcket brister, varvid en livshotande inre blödning
uppstår.
Om patienterna kommer in levande till sjukhus, och om diagnosen ställs
snabbt, kan livet räddas med en akut operation av kroppspulsådern, antingen
med ”öppen” teknik, där man ersätter den sjuka delen av kroppspulsådern
med en konstgjord kärlprotes, eller att man via ljumskarna lägger in en
metallförstärkt kärlprotes på insidan av kroppspulsådern så kallad
endovaskulär teknik (EVAR). Dock inträffar ofta allvarliga komplikationer
efter operationen och många patienter kräver lång vårdtid på
intensivvårdsavdelning, vilket resulterar i lidande och höga kostnader. En av
de bakomliggande orsakerna till detta är att ett högt buktryck uppstår efter en
akut operation för brustet pulsåderbråck. Detta buktryck, dvs trycket i
bukhålan, kan bli så högt att bukorganen inte får tillräckligt med blod, ett så
kallat bukkompartmentsyndrom utvecklas. En dålig blodgenomströmning av
bukorganen, kan leda till att t.ex. tjocktarmen, njurar, lungor, hjärta och
benmärg slutar att fungera. Forskningen i denna avhandling syftar till att
skapa nya kunskaper som möjliggör att fler patienter kan överleva en akut
operation.

Delarbete I
I delarbete I, mättes buktrycket via en kateter i urinblåsan var 4: e timme
efter operationen hos 17 patienter som opererades med ”öppen” teknik för
rupturerat kroppspulsåderbråck. Vi kunde visa att de patienter som
drabbades av dålig blodförsörjning till tjocktarmen hade förhöjt buktryck 6/9
(67 %). Vi kunde också visa att förhöjt buktryck och
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bukkompartmentsyndrom är relativ vanliga och potentiell farliga
komplikationer efter operation för rupturerat kroppspulsåderbråck 7/9 (78
%).

Delarbete II
Hypotesen bakom detta arbete är att det höga buktrycket som ofta uppstår
efter en akut operation för ett brustet kroppspulsåderbråck leder till att
motståndet i buken blir så högt att bukorganen inte får tillräckligt med blod.
Det organ som är mest känsligt för dålig genomblödning efter en operation
av ett kroppspulsåderbråck är tjocktarmen, men även njurarna är mycket
känsliga.
Genom att mäta både trycket i buken via patienternas befintliga urin
kateter och blodgenomströmningen i tjocktarmen, som mäts via en tunn
kateter som man lägger upp via ändtarmen, kan fenomenet studeras. Om
tarmen blir dåligt genomblödd uppstår en syrebrist och koldioxid ansamlas i
vävnaderna. pH-värdet beräknas i tjocktarmen efter analys av koldioxid och
bikarbonat. Alla patienter som drabbas av den livshotande komplikationen,
tarmischemi har ett pH-värde under 7.1.
Resultatet av mätningar av 29 patienter som opererades i Gävle och
Uppsala, visade att det finns ett tydligt samband mellan ett förhöjt buktryck
och ett farligt lågt blodflöde i tjocktarmen. pH-värdet sjönk under
normalgränsen när trycket i buken ökade. Tjugotre av 29 patienter hade pHvärde på 7.1 eller mindre, och 15 patienter hade ett pH-värde på 6.9 eller
mindre. Tio patienter, som hade ett pH-värde under 6.9 hade även ett högt
buktryck. Studien var en interventionsstudie, där olika behandlingar syftar
till att motverka hypovolemi (liten blodvolym pga vätskeförluster från
blodbanan) och förhöjt buktryck. Av de 29 patienter som kunde följas
genom hela vårdförloppet avled endast en (3,4 %). Normalt är dödligheten
efter operation för ett brustet pulsåderbråck betydligt högre.

Delarbete III
Genom att mäta pH-värdet i ändtarmen med hjälp av kateter (tonometrikateter) kan man upptäcka kolonischemi (lågt blodflöde i tjocktarmen) efter
operation för kroppspulsåderbråck. Denna metod har sina begränsningar:
avföring i tarmen försvårar mätningar och katetern kan glida ut. I delarbete
III studerades åtta patienter som opererades för ett brustet AAA och tio efter
en planerad AAA- operation.
Vi mätte pH-värde utanför och innanför tarmen, samt buktrycket var 4: e
timme. Resultatet visar att den nya metoden att mäta pH-värde utanför
tarmen kan användas som en så kallad screeningmetod. Man kan upptäcka
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patienter som löper större risk att utveckla tarmischemi efter ”öppen”
operation för brustet kroppspulsåderbråck och som behöver undersökas mer
utförligt. Metoden är praktiskt enklare att genomföra än att mäta inuti
tarmen, men denna metod har också begränsningar: den går inte att använda
hos patienter som genomgått endovaskulär behandling (EVAR) och det går
inte heller att upptäcka allvarlig ischemi, dvs. dålig genomblödning i tarmen.

Delarbete IV
Endovaskulär teknik för behandling av brusten kroppspulsåder används
alltmer. Betydelsen och förekomsten av högt buktryck och
bukkompartmentsyndrom undersöktes i delarbete IV. Tjugonio patienter
med brustet kroppspulsåderbråck som opererades med endovaskulär teknik
både på Gävle sjukhus och på Akademiska sjukhuset i Uppsala undersöktes.
Buktrycket mättes minst var 4: e timme. Sex patienter (21 %) utvecklade
högt buktryck och tre patienter (10 %) drabbades av bukkompartment
syndrom och genomgick operation. Alla patienter, utom en som var i chock
före operationen, hade högt buktryck efter operation. Resultaten visar att
förhöjt buktryck och bukkompartmentsyndrom är relativt vanliga och
potentiell farliga komplikationer efter EVAR.

Sammanfattning
Dålig genomblödning av tjocktarmen, förhöjt buktryck och
bukkompartmentsyndrom är allvarliga komplikationer efter operation för ett
brustet kroppspulsåderbråck. Även efter en komplicerad planerad operation
för kroppspulsåderbråck kan detta inträffa, oavsett om man använder
”öppen” eller endovaskulär teknik. Genom att mäta buktrycket enkelt med
hjälp av urinkateter och mäta pH-värde i tarmen kan vi snabbare ställa
diagnosen och mer effektivt behandla de patienter som drabbas, vilket
sannolikt förbättrar överlevnaden för dessa svårt sjuka patienter.
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