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The effects of abdominal compartment
hypertension after open and endovascular repair of
a ruptured abdominal aortic aneurysm
Ragai R. Makar, MSc, FRCS, Stephen A. Badger, MD, MRCS, Mark E. O’Donnell, MD, DSEM, MRCS,
William Loan, FRCR, Louis L. Lau, MD, FRCS, and Chee V. Soong, MD, FRCS, Belfast, Northern
Ireland, United Kingdom

Objective: This study assessed if emergency endovascular repair (eEVR) reduces the increase in intra-abdominal
compartment pressure and host inflammatory response in patients with ruptured abdominal aortic aneurysm (AAA).
Methods: Thirty patients with ruptured AAA were prospectively recruited. Patients were offered eEVR or emergency
conventional open repair (eOR) depending on anatomic suitability. Intra-abdominal pressure was measured postopera-
tively, at 2 and 6 hours, and then daily for 5 days. Organ dysfunction was assessed preoperatively by calculating the
Hardman score. Multiple organ dysfunction syndrome, systemic inflammatory response syndrome, and lung injury scores
were calculated regularly postoperatively. Hematologic analyses included serum urea and electrolytes, liver function
indices, and C-reactive protein. Urine was analyzed for the albumin-creatinine ratio.
Results: Fourteen patients (12 men; mean age, 72.2 � 6.2 years) underwent eEVR, and 16 (14 men; mean age, 71.4 � 7.0
years) had eOR. Intra-abdominal pressure was significantly higher in the eOR cohort compared with the eEVR group.
The eEVR patients had significantly less blood loss (P < .001) and transfused (P < .001) and total intraoperative
intravenous fluid infusion (P � .001). The eOR group demonstrated a greater risk of organ dysfunction, with a higher
systemic inflammatory response syndrome score at day 5 (P � .005) and higher lung injury scores at days 1 and 3 (P �
.02 and P � .02) compared with eEVR. A significant correlation was observed between intra-abdominal pressure and the
volume of blood lost and transfused, amount of fluid given, systemic inflammatory response syndrome score, multiple
organ dysfunction score, lung injury score, and the length of stay in the intensive care unit and hospital.
Conclusion: These results suggest that eEVR of ruptured AAA is less stressful and is associated with less intra-abdominal
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hypertension and host inflammatory response compared with eOR. (J Vasc Surg 2009;49:866-72.)
Despite successful repair of ruptured abdominal aortic
aneurysm (rAAA), many patients die as a result of multiple
organ dysfunction syndrome (MODS). In contrast with
elective repair, the operative mortality of rAAA has not
improved significantly in recent years, with mortality rates
still ranging from 32% to 80%.1-6 However, endovascular
repair (EVR) of rAAA is feasible and has been suggested to
be associated with a better outcome than emergency open
repair (eOR).7,8

Although the pathogenesis of MODS after AAA surgery
is multifactorial, the development of abdominal compartment
hypertension may play a role. Abdominal compartment syn-
drome (ACS) is diagnosed when the abdominal pressure
increases to �20 mm Hg in combination with end-organ
dysfunction.9,10 The latter occurs in approximately 30% of
rAAA patients11 and is associated with a mortality rate of
about 70%.12 The natural precursor to MODS in patients
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after rAAA appears to be the systemic inflammatory re-
sponse syndrome (SIRS).13 Endovascular aneurysm repair
may reduce the risk of MODS and improve outcome
by minimizing the elevation of intra-abdominal pressure
(IAP).

The aim of this study was to assess the relationship
between abdominal compartment hypertension and the
inflammatory response in patients after repair of rAAA, and
whether EVR can reduce these responses.

PATIENTS AND METHODS

Study design. This study was a nonrandomized, con-
trolled observational study comparing EVR of rAAA with
the conventional transabdominal open repair. The study
was approved by the Local Research Ethics Committee in
Belfast, and the Belfast City Hospital Trust provided clini-
cal indemnity.

Patient cohort. All patients aged �50 years, present-
ing to the Vascular and Endovascular Surgery Unit of the
Belfast City Hospital with a rAAA were recruited after
informed written consent from the patient or next of kin.
Rupture was confirmed preoperatively by computed to-
mography (CT) scan, either at the referring hospital or our
center. All patients were assessed for suitability for EVR.
The criteria for eEVR suitability included an aneurysmal
neck diameter �32 mm, infrarenal segment length �10

mm, iliofemoral diameter �6 mm, and aortic neck angula-
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tion of �60°, although shorter necks and those with
greater angulation were considered suitable especially if the
walls were parallel. Stable and unstable patients who were
suitable underwent eEVR, otherwise a conventional eOR
was performed. All patients were resuscitated using a per-
missive hypotensive regimen.7

Patients were excluded from the study if they had no
evidence of rupture on CT scan, had juxtarenal AAA,
required suprarenal aortic clamping, had dementia, were on
chronic renal dialysis, refused to participate in the study, or
died �2 hours of surgery.

Operative technique. All operations were done by
one of four vascular consultants and, in cases of eEVR, with
the assistance of one of four consultant radiologists. Expo-
sure and control of the common femoral arteries in eEVR
were performed under local anesthesia when possible.
Guidewires and angiographic catheters were then intro-
duced by a 7F introducer sheath to the level of the first or
second lumbar vertebrae. The positions of the renal arter-
ies, aortic bifurcation, and common iliac bifurcation were
identified on digital subtraction angiography with contrast
injected using a power injector.14

Once this was performed, the stent graft was deployed
through the femoral artery while an occluder was passed
into the common iliac artery on the contralateral side. A
femorofemoral bypass was then performed to revascularize
the contralateral lower limb. This latter part of the opera-
tion was performed under general anesthesia if required.

All patients undergoing eOR underwent routine endo-
tracheal general anesthesia with a standardized induction
protocol and a midline incision from xiphisternum to pubic
symphysis and primary abdominal closure.

Measurement of IAP. Under aseptic technique, nor-
mal saline (50 mL) was infused through a Foley urinary
catheter, which is routinely inserted in all the patients, to fill
the catheter tubing. This eliminated air bubbles within the
draining catheter system. The bladder catheter was lowered
to facilitate gravity drainage and avoid any possible con-
founding increase in bladder pressure. The catheter tube
was clamped distal to the sampling membrane.15,16 A 20-
gauge needle was subsequently inserted through the cath-
eter sampling membrane, and the catheter pressure was
measured using a transducer connected to a monitor. The
symphysis pubis equated to a pressure of 0 mm Hg. Patients
were lying flat during all measurements. Data were re-
corded as mean pressure at end-expiration. IAP was mea-
sured at 2, 6, and 24 hours postoperatively and then daily
until day 5.

Clinical, operative details, and blood analyses. The
volumes of blood lost and transfused were recorded. Fluid
intake, urinary output, cardiac rhythm, and arterial and
central venous pressures were monitored and maintained at
an adequate level. The Hardman score17 was calculated
preoperatively, and the SIRS,18 lung injury,19 and MODS
scores20 were calculated immediately after surgery and then
daily for 5 days. Samples of blood were collected for mea-
surements of renal and liver function, full blood count,

C-reactive protein, and arterial blood gas. These indices
were assessed before surgery and then daily for 5 days
thereafter.

The arterial blood gas was used to calculate the ratio of
partial pressure of arterial oxygen to the fraction of inspired
oxygen (PaO2/FiO2). This was used along with serum
creatinine, bilirubin, and platelets, Glasgow coma score,
and pressure-adjusted heart rate in the calculation of
MODS scores.20 The three components used in the lung
injury score calculation were PaO2/FiO2 ratio, chest
roentgenogram score, and positive end-expiratory pres-
sure (PEEP) score.19

The American College of Chest Physicians (ACCP)
and Society of Critical Care Medicine (SCCM) consensus
conference proposed the concept of SIRS.18 The latter is
defined by two or more of the following: temperature
�38°C or �36°C; heart rate �90 beats/min, respiratory
rate �20 breaths/min, or hyperventilation PaCO2 �4.3
Kpa (�32 mm Hg); white blood cell (WBC) count
�12000 cells/mm3 or �4000 cells/mm3, or �10% imma-
ture neutrophils.18 SIRS scores derived from the latter
criteria have been shown to be a useful quantitative measure
of the proinflammatory response.21

Blood samples were obtained through a radial arterial
or central venous line. Urine was collected for albumin/
creatinine ratio at days 1, 3, and 5.

Statistical analysis. Nonpaired continuous variables
were analyzed by the Mann-Whitney U test or the t test,
depending on data distribution. Categoric variables were
analyzed with the �2 test and Fisher exact test, as appropri-
ate. The Spearman correlation was used to assess the rela-
tionships between IAP and clinical outcome variables. A
two-tailed P � .05 was considered statistically significant.
All analyses were performed using SPSS 13 statistical soft-
ware (SPSS Inc, Chicago, Ill).

RESULTS

Patient characteristics. Between October 2004 and
January 2007, 40 consecutive rAAA patients who reached
the hospital alive were considered for the study. The study
excluded 10 patients. Two patients sustained a cardiac
arrest on arrival to the operating theater, and a third patient
died of a severe myocardial infarction (MI) after aneurysm
exclusion by deployment of the aortouniiliac stent. Two
further patients were excluded because they were hemodi-
alysis dependent preoperatively, with one in each group.
The remaining excluded patients (n � 5) had eOR because
of unavailability of the facility or the required staff for
eEVR, or because of an inability to get consent.

The study comprised 30 patients, of whom 14 had
eEVR and 16 underwent an eOR. The mean age � stan-
dard deviation was 72.2 � 6.2 years for the eEVR group
and 71.4 � 7.0 years for the eOR group (Table I). The
male/female ratios were 12:2 in the eEVR group and 14:2
in the eOR group. The baseline comorbidities, cardiovas-
cular risks, and preoperative blood pressure were compara-
ble for the two groups (Table I). No difference was identi-
fied between patient groups based on the Hardman score.

One patient in each group was receiving aspirin and clopi-
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dogrel, and one patient in the eEVR group was taking
warfarin.

In the 16 patients who underwent eOR, seven had a
conical infrarenal neck that measured �10 mm long, six
had short necks with angulation �60°, and one had a neck
diameter �32 mm. Two patients had iliac arteries �6 mm
in diameter, and three patients had aneurysmal and tortu-
ous iliac arteries in addition to other unsuitable criteria.

Surgical and postoperative data. All patients who
had eOR received general anesthesia. In the eEVR group,
however, local anesthesia with or without sedation was
used in 11 patients. One patient had general anesthesia, and
two patients started with local anesthesia but were con-
verted to general anesthesia during the femorofemoral
bypass grafting. All patients received intravenous teicopla-
nin (400 mg; Aventis Pharma Ltd, Kent, UK) and cefu-
roxime (1.5 gm; Glaxo-Wellcome, Middlesex, UK) at the
start of the operation, but none were given intraoperative
anticoagulation therapy. However, all patients received
postoperative subcutaneous low-molecular-weight heparin
was for deep venous thrombosis prophylaxis.

All patients in the eEVR group received an aortouniiliac
stent graft (Talent, Medtronic Ave, Santa Rosa, Calif), with
the exception of one patient who received a bifurcated
Talent stent graft. A bifurcated graft was used in seven eOR
patients and a straight graft in nine. All eOR patients had

Table I. Baseline preoperative patient characteristics

Characteristicsa eEVR (n � 14) eOR (n � 16) P

Age, y 72.2 (6.2) 71.4 (7) .75
Male/female ratio 12:2 14:2 �.999
Risk factors, No.

Diabetes mellitus 0 0 —
Hypertension 11 12 �.999
Hyperlipidemia 5 9 .29

Comorbidities, No.
Ischemic heart disease 8 11 .70
Myocardial infarction 6 6 �.999
Carotid artery disease 4 0 .07
Peripheral vascular

disease
2 0 .20

COPD 2 3 �.999
Creatinine �150

mmol/L
8 10 �.999

SBP at admission, mm
Hg

101 (30.5) 108 (28.2) .56

Hardman Index score
0 4 4 1.0
1 5 2 .20
2 3 5 .40
3 2 4 .65
4 0 1 �.999

Infrarenal AAA diameter,
mm

82 (17.7) 89 (15.8) .39

AAA, Abdominal aortic aneurysm; eEVR, emergency endovascular repair;
eOR, emergency open repair; COPD, chronic pulmonary obstructive dis-
ease; NS, not significant; SBP, systolic blood pressure; SD, standard devia-
tion.
aContinuous data are presented as the mean (standard deviation).
primary abdominal closure. There was no intraoperative
conversion from eEVR to eOR. Six eEVR patients were
found to have intraoperative type 1 endoleak, which was
controlled with ballooning and Palmaz stent (Cordis Corp,
Miami, Fla) in four patients, aortic cuff extension (Talent,
Medtronic Ave, Santa Rosa, Calif) in one patient, and both
aortic cuff and Palmaz stent in another. One patient had an
intraoperative type 2 endoleak, and a second patient had
minor retrograde flush from the occluded site. Both were
left untreated because the patients had remained stable.
The latter had resolved spontaneously at follow-up.

When compared with eOR, eEVR resulted in signifi-
cantly less blood loss (P � .001), less blood transfusion
(P � .001), and less total intraoperative intravenous fluid
infusion (P � .001; Table II). All patients in the open
group were admitted to the intensive care unit (ICU)
postoperatively, compared with only eight patients in the
eEVR group (P � .005). The eOR group required longer
ICU or combined ICU and high dependency unit (HDU)
care than the eEVR group (P � .006 and P � .01);
however, the difference between the groups in total HDU
or duration of hospital stay was not significant (Table II).

IAP was significantly higher at all time points in the
eOR group except at day 2 and 3 postoperatively (Fig 1).
SIRS developed in nine of the 16 patients in the eOR group
compared with only one of 14 in the eEVR group (P �
.005) at day 5. A significantly higher lung injury score at
days 1 and 3 (P � .02 and P � .02; Fig 2) and PEEP score
immediately postoperatively and at days 1, 2, and 3 (P �
.05) were observed in the eOR group compared with the
eEVR group (Fig 3). However, no significant difference in
MOD score or SIRS score existed between the groups
except for the SIRS score at day 5 (P � .01).

Correlation between IAP and other variables. IAP
correlated significantly with the length of ICU stay at all
time points. Similarly, IAP correlated with the PEEP score
at the all time points except for day 1 (Table III). There was
a stronger association between the MOD score and the IAP
at the preceding 24 hours than that of the same day, as
demonstrated by the correlation between the IAP at days 1,
2, 3, and 4 and MODS at days 2, 3, 4, and 5 (r � 0.46,
0.55, 0.57, and 0.54; P � .01, .002, .001, and .003,
respectively) and between IAP at days 2, 3, 4, and 5 and
MODS at days 2, 3, 4, and 5 (r � 0.43, 0.45, 0.49, and
0.53; P � .02, .01, .007, and .003, respectively).

IAP at day 4 correlated with the SIRs score at day 5
(r � 0.44; P � .02). No correlation between IAP and the
albumin/creatinine ratio or C-reactive protein was noted
during the 5-day postoperative period. The IAP at days 3
and 4 was correlated with the lung injury score at days 4 and
5 (r � .45 and .37; P � .01 and .04). IAP at 2 and 6 hours
correlated with blood loss (r � 0.57 and 0.65; P � .001
and �.001), platelet transfusion (r � 0.41 and 0.47; P �
.02 and .009), and total intravenous fluids (r � .43 and
0.52; P � .01 and .003). IAP also correlated with packed
cells received at 6 hours (r � 0.49, P � .006).

Complications. Four patients died postoperatively,
with two in each group. Three of these patients had a

Hardman score of �3. In the eOR group, ACS developed
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in one patient 6 hours postoperatively, necessitating a
laparotomy and left hemicolectomy for ischemic large
bowel, followed by overwhelming sepsis. The ACS diagno-
sis in this patient was based on IAP of 35 mm Hg that was
associated with dysfunction of the cardiovascular, renal,
and respiratory systems, in that sequence. Another eOR
patient had diffuse brain injury thought to be secondary to
preoperative hypotension.

One patient in the eEVR group had ACS at 8 hours
postoperatively, which required decompression by a lapa-
rotomy, followed by Hartmann operation for ischemic
colon 24-hours later. The ACS diagnosis in this patient was
based on an IAP of 25 mm Hg, resulting in respiratory
compromise that required endotracheal intubation and
assisted ventilation, followed by renal impairment. He died

Table II. Intraoperative and postoperative details, and pe

Variablea eEVR (n �

Blood loss, mL 862 (297-1
Packed cells transfused, U 3 (2-4)
Intra-op IV fluid, mL 2250 (1500-
ICU

Admission, No. 8
LOS, h 22 (0-78)

HDU
Admission. 9
LOS, h 10 (0-25)

ICU and HDU LOS stay, h 38 (9-102
Hospital LOS, d 13.5 (9.7-22

Complications
Deaths 2
ACS 1
Cardiac 2
Respiratory 2
Dialysis 2
Stroke 0
Bowel ischemia 1
Wound problems 1

ACS, Abdominal compartment syndrome; HDU, high dependency unit; IC
aContinuous data are presented as the median interquartile range (IQR); ca

Fig 1. Intra-abdominal pressure (IAP) was significantly higher in
the open group at 2 hours (P � .05), 6 hours (P � .001), 1 day
(P � .05), 4 days (P � .05), and 5 days (P � .05) compared with
the emergency endovascular repair (eEVR) group. Results are
presented as median and interquartile range.
of sepsis and pneumonia on day 25. Another patient died of
exacerbation of respiratory and acute renal failure at day 4
postoperatively. The patient had been on home oxygen for
chronic obstructive pulmonary disease and had previously
been denied elective repair.

DISCUSSION

For decades, the mortality rate of eOR for rAAA has
shown only minor improvement, despite widespread ad-
vances in perioperative critical care.1-6 This could be ex-
plained by a limited change in the actual operative open
techniques over the years, with the exception of the use of
a retroperitoneal approach in rAAA repair.22 Initial reports
on the use of eEVR for rAAA suggested significant im-
provement in the operative mortality rate, which ranges
between 0% and 23%.7,23-26 However, other studies
showed a 30-day mortality of 37% to 53% in eEVR patients

rative complications

eOR (n � 16) P

3767 (2275-6284) �.001
9 (5-11) �.001

) 4250 (3123-7500) .001

16 .005
90 (48-168) .006

4 .06
0 (0-3) .08

138 (49-168) .01
19 (9.2-29) .3

2 �.999
1 �.999
2 �.999
7 .08
2 �.999
1 �.999
1 �.999
3 .6

tensive care unit.
ic data are presented as the number.

Fig 2. The open group had a significantly higher lung injury score
at day 1 and day 3 (P � .02 and P � .02, respectively). Results are
presented as median and interquartile range. eEVR, emergency
endovascular repair.
riope

14)

183)

3125

)
.2)
compared with 39% to 53% for eOR patients.27,28 Some
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units suggest on-table angiography to overcome the delay
for preoperative CT scaning.29

After eOR or eEVR of rAAA, a bimodal distribution in
mortality has been described at the first 24 hours and �7
days.30 The first peak is due to hypovolemic shock and the
second peak is secondary to MODS, although studies on
the pathophysiology of ACS suggest that hypovolemic
shock is the precipitating factor for the rise of IAP.31 In the
current study, the IAP was at its highest during the first 48

Fig 3. A significantly higher positive end-expiratory pressure
(PEEP) was observed immediately postoperatively and at 1, 2, and
3 days (P � .05) in the open group. Results are presented as
median and interquartile range. eEVR, emergency endovascular
repair.

Table III. Correlation between intra-abdominal pressure
and intensive care unit stay or positive end expiratory
pressure

A, Correlation between intensive care unit stay and intra-
abdominal pressure

IAP time points Correlation coefficient P

2 hours 0.54 .002
6 hours 0.61 �.001
Day 1 0.49 .006
Day 2 0.74 �.001
Day 3 0.72 �.001
Day 4 0.73 �.001
Day 5 0.74 �.001

B, Correlation between intra-abdominal pressure and positive end-
expiratory pressure

IAP PEEP Correlation coefficient P

2 hours Day 0 0.53 .002
Day 1 Day 1 0.3 .09
Day 2 Day 2 0.62 �.001
Day 3 Day 3 0.58 .001
Day 4 Day 4 0.57 .001
Day 5 Day 5 0.63 .001

IAP, Intra-abdominal pressure; ICU, intensive care unit; PEEP, positive
end-expiratory pressure.
hours postoperatively. This could be related to the volume
of blood lost and transfused, and amount of fluid adminis-
tered. Patients with ACS tend to receive more pre-ICU
crystalloids and packed red blood cells.32 Excessive fluid
resuscitation is associated with increased frequency of intra-
abdominal hypertension, ACS, MODS, and mortality.32

The increase in the microvascular permeability could also
play an important role in these patients.12,32-34

The mortality rate in both groups was �15%, or 23%
when all patients were included who arrived at the hospital
alive. This decrease in death relative to our retrospective
published data follows the application of an intention-to-
treat by eEVR protocol and the use of hypotensive hemo-
stasis.35 Both groups in this study had comparable Hardman
scores, mean systolic blood pressure, and comorbidities that
should have minimized the selection bias between the groups.
Although eEVR resulted in reduced blood loss, blood trans-
fusion, and fluid requirements, its impact on hospital stay was
probably masked by the major trauma effect of the rAAA.36

However, more patients required ICU admission and had
prolonged intensive care after eOR compared with eEVR.

In this study, the development of abdominal hyperten-
sion correlated with the MODS score and prolonged ICU
stay. Most patients recovered, but there is a potential of
progressing to ACS. A contributing factor for the rise in
IAP in eOR could be intestinal manipulation and mesen-
teric traction. Previous research observed higher SIRS and
MODS scores in elective transperitoneal repair compared
with the retroperitoneal approach.37 This was thought to
be due to less bowel manipulation and mesenteric traction
in the retroperitoneal approach.37 Others showed a de-
crease in inflammatory mediators with eEVR compared
with OR,38 although in our study the eEVR group did not
have significantly better MODS scores compared with the
eOR group. This may be due to the small number of
patients, leading to a type II error. However, the eEVR
group demonstrated lower SIRS scores at day 5, whereas
the eOR group had a significant deterioration in SIR scores
at days 4 and 5.

Although ACS is a potential complication after rAAA
surgery, there are few reports on its incidence. Elevation of
IAP was reported in a retrospective study of open repair of
17 rAAA patients: nine patients had an IAP �20 mm Hg
and ACS developed in seven. Five of the six patients who
had decompression survived.11 ACS complicates 8% to 20%
of patients after eEVR with an associated 67% mortality.7,31

In a study of 53 eEVR and eOR patients and 22 rAAA
undergoing OR, the latter had a higher IAP compared with
the elective patients.33 An IAP of �15 mm Hg was postu-
lated as a negative predictor of mortality.33

In our study, both patients with ACS diagnosed at 6
hours underwent decompression, which is comparable to
the timing of ACS in trauma patients after resuscitation.32

Both patients had colonic ischemia requiring resection.
This association between IAP and bowel ischemia is sup-
ported by other studies.11 Colon ischemia in patients who
require delayed decompression laparotomy and mesh clo-
sure is reported at 40%, compared with 6% in patients with

early mesh abdominal closure for open rAAA repair.12 An
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IAP of �20 mm Hg is associated with a reduction in venous
return to the heart and a decreased cardiac output.34 The
increased abdominal pressure also reduces venous flow to
the various intraperitoneal organs.9,39 This reduction in
cardiac output and venous flow can therefore lead to a
reduction in perfusion of the various visceral organs. This
may cause the development of bowel ischemia, which in
mild cases can increase intestinal permeability but in ex-
treme cases can result in bowel infarction.

The limitations of this study were the small number of
patients and lack of randomization. A randomized study
would be logistically difficult for a single center, bearing in
mind that only �50% of the patients with rAAA would be
suitable for eEVR. This would have diminished even fur-
ther the number of patients recruited into each group of the
study. Although it may be argued that the two groups are
not entirely comparable, the risk profile and Hardman
scores were similar between the two groups, thus minimiz-
ing potential confounding factors. We acknowledge the
potential bias associated with the application of anatomic
suitability for selecting patients for eEVR or eOR. How-
ever, we included in our patient cohort only those who had
infrarenal clamping to minimize the impact of anatomic
selection.

CONCLUSION

Our results demonstrated that eEVR for rAAA is asso-
ciated with lower IAP and systemic inflammatory response
than eOR repair. We have also shown that recovery is
quicker with the eEVR group. Although it would be tempt-
ing to suggest that the reduction in IAP may account for
these improvements in the eEVR group, it is difficult to be
certain that the elevation is the cause and not the effect of
MODS. However, the fact that IAP elevation seems to
precede dysfunction of the various organs would support it
playing a causative role.

We thank Bernard Lee, FRCS, Ray Hannon, MD,
FRCS, L. Johston, and C. Boyed for provision of patient
data and their operative and perioperative management.
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