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A systematic review and meta-analysis of abdominal
compartment syndrome after endovascular repair of
ruptured abdominal aortic aneurysms
Christos D. Karkos, MD, FRCS, PhD, EBIR,a Georgios C. Menexes, BMath, MA, PhD,b

Nikolaos Patelis, MD,c Thomas E. Kalogirou, MD, MSc,a Ioakeim T. Giagtzidis, MD,a and
Denis W. Harkin, MD, FRCS, FEBVS,d Thessaloniki and Athens, Greece; and Belfast, Northern Ireland,
United Kingdom

Objective: Limited data exist regarding the development of abdominal compartment syndrome (ACS) after endovascular
repair of ruptured abdominal aortic aneurysms (RAAAs). We aimed to record the incidence, management, and outcome
of this complication.
Methods: A systematic review and meta-analysis of the English language literature was undertaken through June 2012.
Articles reporting data on outcome after endovascular repair of RAAAs were identified, and information regarding ACS
was sought.
Results: Included were 39 eligible studies reporting 1134 patients. The pooled perioperative mortality was 21% (95%
confidence interval [CI], 18%-24%). A total of 109 cases of ACS were recorded. There was significant within-study
heterogeneity (Cochran Q [ 94.1; P < .0001), and the pooled ACS rate was 8% (95% CI, 5.6%-10.8%). Only six
studies accurately defined ACS, and four focused specifically on ACS. When the meta-analysis was repeated after including
only studies with a definition and those focusing on ACS, the pooled rate increased to 17% (95% CI, 10%-26%) and 21%
(95% CI, 13%-30%), respectively. A random-effects meta-regression analysis investigating the effect of ACS and other risk
factors on mortality revealed a significant linear correlation between hemodynamic instability and death (r [ 0.303) and
a nonlinear (second degree polynomial) association between bifurcated endograft approach and death (R2 [ 0.348; P [
.0027). However, no statistically significant association could be found between ACS and death. A further meta-
regression analysis failed to identify any statistically significant predictors of ACS. Treatment included open decom-
pression in 86 patients, percutaneous drainage in 18 (catheter only in five, combined with tissue plasminogen activator
infusion in 13), and conservative measures in five. Data on outcome of ACS were only available for 76 patients; 35 of
these died, for a mortality rate of 47%.
Conclusions: The pooled ACS rate was calculated at 8%, but this figure may be >20% with improved awareness and vigilant
monitoring. Although no statistically significant association could be found between ACS and death, almost half the
patients who developed ACS after endovascular repair of RAAAs were likely to die. (J Vasc Surg 2014;-:1-14.)
Despite modern advances in perioperative care, the
management of ruptured abdominal aortic aneurysms
(RAAAs) continues to pose a significant surgical challenge.
The successful introduction of endovascular therapy in the
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elective treatment of AAAs has prompted a strong interest
about its possible use in benefiting RAAA patients. Trans-
ferring this endovascular experience and technology in the
ruptured setting seems appealing because of the reduced
physiologic stress and could offer the potential for
improved survival. As a result, most of the recent literature
on RAAAs has focused on endovascular repair. Although
several centers have published promising results on endo-
vascular RAAA repair in selected patients, whether the
adoption of the technique for all patients can improve
rupture outcomes is still controversial.1

As with elective endovascular practice, developing
experience with emergency endovascular repair has identi-
fied a range of novel therapy-specific complications for
which management paradigms remain uncertain. One
such complication is abdominal compartment syndrome
(ACS), a well-documented cause of multiple organ failure
and a leading cause of postoperative death in RAAA pa-
tients undergoing open repair.2 In contrast to open sur-
gery, endovascular repair does not allow evacuation of
the retroperitoneal hematoma, and this may theoretically
lead to an increased incidence of ACS. To date, there are
1
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limited data in the literature regarding the occurrence of
ACS after endovascular repair of RAAAs and its effect on
morbidity and death. The aim of this systematic review
was to document the frequency, management, and
outcome of ACS after endovascular treatment of RAAAs.

METHODS

This report was prepared according to previously pub-
lished guidelines for reporting meta-analyses of observa-
tional studies.3 Two independent reviewers (C.K., N.P.)
undertook an English-language literature review through
June 2012 to document the frequency of ACS after endo-
vascular repair of RAAAs and extract information regarding
the management and outcome of this complication. Dis-
agreements between the reviewers were resolved by
consensus. The search was performed using the Ovid
search engine (Version re110.5.1; Ovid Technologies
Inc, New York, NY). The MEDLINE and EMBASE data-
bases were searched using a combination of the following
(MeSH/Emtree terms or text words): (1) “Endovascular
procedures” or “Endovascular Surgery” or “Endovascular
Repair” or “Stents” or “Stent Grafts” or “EVAR” and
“Abdominal Aortic Aneurysm” or “Aortic Aneurysm,
Abdominal” and “Rupture” or “Aortic Rupture” or
“Aneurysm Rupture”; and (2) “Abdominal Compartment
Syndrome” or “Intra-abdominal Hypertension” and
“Abdominal Aortic Aneurysm” or “Aortic Aneurysm,
Abdominal” and “Rupture” or “Aortic Rupture” or
“Aneurysm Rupture”. The “exp” (“explode”; ie, all sub-
categorizations are included in the search) and “mp”
(“multipurpose search”) tools were used (http://site.
ovid.com/site/pdf/osp/basic_search_info_sheet.pdf). The
electronic search was supplemented by a manual search of
the reference lists of relevant articles and the abstract books
of major national vascular and general surgery meetings to
increase the likelihood of any relevant study being identi-
fied and exclude duplicates.

All articles reporting results after endovascular repair of
RAAAs were identified, and information on the develop-
ment of ACS was collected. Only patients with true ruptures
were included, defined as those in whom extra-arterial
extravasation of blood or contrast had been demonstrated
on preoperative radiologic imaging. Those who underwent
emergent endovascular repair of an acute, symptomatic,
nonruptured aneurysm were excluded. Studies were also
rejected if they described only selected groups of patients
(ie, such as octogenarians), or were single case reports.
When studies reported duplicate clinical material, the most
recent study or the larger of the two was selected.

Data from eligible articles were abstracted into an Excel
spreadsheet (Microsoft Corp, Redmond, Wash). Results
were expressed as pooled proportions (%) with 95% confi-
dence intervals (CIs). The data abstracted from each study
were:

d Total number of patients with RAAA undergoing
endovascular repair;

d Age (mean or median);
d Midstudy time point, defined as the date half-way
through the study time period;

d Number of patients being operated on under local
anesthesia vs those being operated on under general,
regional, or local converted to general anesthesia;

d Number of bifurcated vs aortouniiliac and tube
endografts;

d Number of unstable patients;
d Number of patients requiring aortic occlusion balloon;
d Number of patients undergoing primary (intraopera-
tive) conversion to open repair;

d Perioperative mortality, defined as all perioperative, in-
hospital, and 30-day mortality; when information on
both in-hospital and 30-day mortality was available,
the latter was used for the analysis; and

d Number of patients developing ACS.

In addition, as part of a quality assessment, the
included studies were also screened for the following
information:

1. Whether the study was prospective or retrospective;
2. Whether a definition for hemodynamic instability was

provided;
3. Whether an accurate definition for ACS was included;
4. Whether the study focused specifically on ACS; and
5. The center experience according to the sample size

(ie, the number of patients reported in each study).
A cutoff of 30 procedures was used to indicate exper-
tise with endovascular repair of RAAAs. This was
based on a recent report showing that complication
rates stabilize after 31 procedures.4

6. Data on the type of management (ie, conservative,
percutaneous, surgical) and the outcome of patients
with ACS was extracted.

Heterogeneity across the studies was evaluated using
the Cochran Q statistic, and random effects models were
used to incorporate any heterogeneity present, as described
by Der Simonian and Laird.5 A Cochran Q P value of <.1
is considered to represent significant between-study het-
erogeneity, and a random-effects model should be used.
Publication bias was assessed by visual inspection of funnel
plots and quantified by the Egger test. A sensitivity analysis
was performed to test the robustness of the observed
pooled estimates by repeating the primary analysis using
an altered data set. The aim was to determine whether
these changes had any effect on the combined outcome
estimate.

Meta-regression analyses (linear and nonlinear) were
subsequently performed to investigate, first, the effect of
ACS and other risk factors on death and, second, to iden-
tify potential risk factors for the development of ACS. The
individual and the combined effects of the covariates on the
dependent variable (ie, death or ACS) had both been
tested using separate single and multiple meta-regression
analyses. For each independent variable, the slope coeffi-
cient and the corresponding P value are reported.

http://site.ovid.com/site/pdf/osp/basic_search_info_sheet.pdf
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Regression models fit was assessed by estimating and eval-
uating the corresponding coefficient of determination (R2)
and the standard error (SE) of estimate. P value indicates
the statistical significance of association, and the slope in-
forms how much the outcome of the dependent variable
changes per unit change in the covariate. The R2 indicates
the percentage of dependent variable variance that is
explained by the covariate(s) entered in the regression
model. A full meta-analysis random-effect approach to
the regression analysis had been used, where studies were
weighted by the quantity6:

w ¼ 1
SE2, where SE2 ¼ sffiffiffiffiffi

s:n
p , s is rate of events, and n is

number of events.

Scatter plots were produced for the graphic representa-
tion of the significant associations, and Pearson r correla-
tion coefficients were computed. Weighted smoothing
curves using the Loess method were plotted on the corre-
sponding scatter plots to verify the examined relationship.
Data for mortality and ACS were entered in meta-
analyses as rates because no known data transformation
improved further the statistical properties of the distribu-
tions of these rates. Preliminary Kolmogorov-Smirnov tests
for normality did not reveal violations from normal distri-
bution (P ¼ .964 for mortality; P ¼ .146 for ACS). The
observed significance level (P value) in the Kolmogorov-
Smirnov test was estimated with the Monte Carlo simula-
tion method using 10,000 resampling circles.

Basic meta-analysis was performed using StatsDirect
software (StatsDirect Ltd, Altricham, UK). Single and
multiple meta-regression analyses (linear and nonlinear)
were accomplished with the SPSS macros published by Wil-
son.7 The Loess smoothing method and the Kolmogorov-
Smirnov test for normality was applied using SPSS 15
software enhanced with module exact tests (SPSS Inc,
Chicago, Ill).

RESULTS

Study flow

We identified and retrieved 81 articles on endovascular
treatment of RAAAs. Of these, 24 were excluded for one
or more of the following reasons: 7 were reviews or invited
commentaries, 10 were duplicates, 1 was a study on octo-
genarians only, 1 focused on patients transferred from
other institutions, and 5 were single case reports. Of the
57 remaining studies quoting figures on operative mortality
after endovascular repair of RAAAs, 18 provided no infor-
mation on the development of postoperative ACS and were
excluded. The final analysis included 39 studies with data
for 1134 patients. Of these, 22 studies included a
computed tomography-based definition for RAAA (ie,
confirmation of extra-aneurysmal blood or contrast on
computed tomography), and 13 articles provided no defi-
nition at all. Basic details from individual studies are sum-
marized in Table I.8-46 Information on gender was
available in 778 patients; of which 655 (84.2%) were
men. The mean age was 73 years (range, 26-99 years).
Meta-analysis

Proportion meta-analysis data and within-study hetero-
geneity for the different operative parameters, including
death and ACS rates, are presented in Table II. In brief,
32% of patients (95% CI, 19%-47%) had been operated
on under local anesthesia, 60% (95% CI, 47%-72%)
received a bifurcated endograft, 31% (95% CI, 23%-39%)
were hemodynamically unstable, 15% (95% CI, 9%-23%)
required aortic balloon occlusion, and 3% (95% CI, 2%-
5%) were converted intraoperatively to open repair.

A total of 218 patients died intraoperatively, during the
hospital stay, or#30 days, thus producing a pooled periop-
erative mortality of 21% (95% CI, 18%-24%). Across the 39
series, 109 cases of ACS had been recorded, the pooled
rate of ACS being 8% (95% CI, 6%-11%; Fig 1). There
was statistically significant within-study heterogeneity
(Q ¼ 94.1; df ¼ 38; P < .0001) and evidence of possible
publication bias (Egger ¼ 0.999; P ¼ .043).

Sensitivity analysis

In an attempt to explain the observed within-study het-
erogeneity, a sensitivity analysis was performed applying
the following criteria: (1) whether the study was prospec-
tive or retrospective, (2) whether a definition for hemody-
namic instability was provided, (3) whether an accurate
definition for ACS was included, (4) whether the study
had been specifically designed to investigate the occurrence
of ACS after endovascular repair of RAAAs, and (5) the
center experience.

The study design was retrospective in 25 studies, pro-
spective in nine, and not specified in five. The pooled
ACS rate was 8% (95% CI, 5%-12%) in retrospective and
prospective studies. There was significant heterogeneity be-
tween retrospective studies (Q ¼ 76.06; df ¼ 24; P <
.0001), whereas no heterogeneity existed between pro-
spectively reported studies (Q ¼ 8.67; df ¼ 8; P ¼ .3).
There was no publication bias in either subgroup
(Egger ¼ 0.8; P ¼ .2 for retrospective; and Egger ¼ 1.7;
P ¼ .1 for prospective studies, respectively).

Only 24 studies included a definition of what consti-
tuted hemodynamic instability. The pooled ACS rate was
similar in the subgroups, at 8% (95% CI, 3%-14%) for
studies with no definition and 8% (95% CI, 5%-11%) for
those with a definition, and both had significant within-
study heterogeneity (no definition: Q ¼ 48.9; df ¼ 14;
P < .0001; with a definition: Q ¼ 42.9; df ¼ 23; P ¼
.007). There was evidence of publication bias in those
with a definition (Egger ¼ 1.3; P ¼ .01) but not in those
without a definition (Egger ¼ 0.54; P ¼ .57).

Only six of the 39 studies provided an accurate defini-
tion for ACS. These are summarized in Table III. When
repeating the meta-analysis after excluding all studies
without a definition, the pooled rate increased to 17%
(95% CI, 10%-26%; Fig 2, A). Furthermore, only four
studies focused specifically on ACS after endovascular
repair of RAAAs. When repeating the meta-analysis with
only these four studies, the pooled ACS rate was even



Table I. Studies in chronological order reporting endovascular management of ruptured abdominal aortic aneurysms
(RAAAs) and the development of abdominal compartment syndrome (ACS)

No.a First author, year (country) ER
Midtime
study point

Age,
years LA

Bifurcated
approach

Unstable
patients

1 Greenberg, 2000 (USA, Sweden)8 3 NA 82 0 0 2
2 Veith, 2002 (USA)9 25 15 Jan 98 NA 0 0 8
3 Reichart, 2003 (The Netherlands)10 6 15 Jul 01 NA 4 0 2
4 Van Herzeele, 2003 (Belgium)11 9 15 Dec 99 70 0 3 6
5 Scharrer-Palmer, 2003 (Germany)12 24 15 Jan 98 69 NA 19 4
6 Resch, 2003 (Sweden)13 21 15 Oct 99 78 12 9 5
7 Rubin, 2004 (USA)14 5 1 Dec 00 72 4 5 0
8 Lombardi, 2004 (USA)15 5 1 Jan 02 NA 1 4 0
9 Arya, 2004 (UK)16 14 15 Jan 01 74 NA 3 0
10 Larzon, 2005 (Sweden)17 15 15 Sep 02 73 2 15 11
11 Alsac, 2005 (France)18 17 15 Sep 02 72.9 1 8 1
12 Lagana, 2006 (Italy)19 30 1 Nov 02 76 0 25 9
13 Dalainas, 2006 (Italy)20 20 1 Jul 02 NA 20 11 NA
14 Oranen, 2006 (The Netherlands)21 34 1 Jan 02 73 27 NA NA
15 Visser, 2006 (The Netherlands, USA)22 26 1 Jul 03 72.5 0 24 2
16 Acosta, 2006 (Sweden)23 56 1 Jan 02 75.5 NA 23 47
17 Coppi, 2006 (Italy)24 33 15 Feb 03 81 12 7 15
18 Franks, 2006 (UK)25 10 1 Dec 99 NA NA NA 3
19 Mehta, 2006 (USA)26 40 1 Jul 03 74 0 34 10
20 Ockert, 2007 (Germany)27 29 1 Jan 03 71 9 10 14
21 Najjar, 2007 (USA)28 15 1 Jan 03 73 0 15 3
22 Anain, 2007 (USA)29 30 1 Nov 03 NA 0 29 15
23 Lee, 2008 (USA)30 17 15 Apr 04 NA NA NA 8
24 Karkos, 2008 (Greece)31 41 1 Jun 02 73 27 27 21
25 Verhoeven, 2008 (The Netherlands)32 36 1 Jul 04 NA 30 35 1
26 Wibmer, 2008 (Austria)33 16 15 Nov 04 76.05 NA NA 2
27 Mayer, 2009 (Switzerland)34 102 1 Mar 03 73 71 92 45
28 Holst, 2009 (Sweden)35 90 15 Jan 04 76 45 50 55
29 Guo, 2009 (China)36 26 15 Aug 02 68 5 20 10
30 Starnes, 2010 (USA)37 27 1 Jun 08 NA NA NA 18
31 Delalieux, 2010 (Belgium)38 9 1 Jul 08 73 NA 0 0
32 Lyons, 2010 (UK)39 18 1 Jan 07 76 NA 2 NA
33 Ten Bosch, 2010 (The Netherlands)40 25 1 Oct 05 72.2 12 9 9
34 Hsiao, 2011 (Taiwan)41 6 1 Dec 08 81 0 6 0
35 Djavani Gidlund, 2011 (Sweden)42 32 15 Apr 07 72.5 29 32 8
36 Sarac, 2011 (USA)43 32 1 May 04 80.5 17 18 2
37 Noorani, 2012 (UK)44 52 1 Mar 08 78 17 19 NA
38 Hörer, 2012 (Sweden)45 101 1 Mar 07 NA NA NA NA
39 Saqib, 2012 (USA)46 37 15 May 05 74.9 NA NA 9

ER, Endovascular repair; HI, hemodynamic instability, LA, local anesthesia; N, no; NA, information not available; NS, not specified; OR, open repair, P,
prospective; R, retrospective; UK, United Kingdom; USA, United States of America; Y, yes.
aStudies 2, 12, 19, 24, 27, and 38 contain amalgamated data from multiple publications relating to the same center.
bNinety-day mortality.

JOURNAL OF VASCULAR SURGERY
4 Karkos et al --- 2014
higher, at 21% (95% CI, 13%-30%; Fig 2, B). On both oc-
casions, there was significant within-study heterogeneity
(Q ¼ 20.2; df ¼ 5; P ¼ .001; and Q ¼ 8.9; df ¼ 3; P ¼
.03, respectively), but no bias (Egger ¼ 1.751; P ¼ .590;
and Egger ¼ e3.604; P ¼ .589, respectively).

Finally, with regard to the center experience, the pooled
ACS rate from the 15 experienced centers (reporting >30
cases each) was 9% (95% CI, 5%-14%), with significant
between-study heterogeneity (Q ¼ 67.2; df ¼ 14; P <
.0001). There was also evidence of publication bias
(Egger ¼ 3.4; P ¼ .02). In contrast, the ACS rate for less
experienced teams was 7% (95% CI, 5%-10%). There was
no significant heterogeneity (Q ¼ 23.6; df ¼ 23; P ¼ .4),
but there was evidence of bias (Egger ¼ 1.1; P ¼ .003).
Meta-regression analysis

The effect of ACS and other risk factors on death.
A random effects meta-regression was performed to
investigate the effect of ACS and other risk factors on
mortality. Age, local anesthesia, bifurcated approach, he-
modynamic instability, balloon occlusion, primary conver-
sion to open repair, and ACS rates were all included
individually in separate meta-regressions (Table IV). Of
these, only hemodynamic instability had a significant as-
sociation with death. In particular, there was a moderate
positive correlation between hemodynamic instability and
death (r ¼ 0.303), and this correlation was more obvious
for proportions of unstable patients between w0.30 and
0.45 (Fig 3). ACS was not significantly associated with



Balloon
occlusion

Primary
conversion to OR

Operative
death ACS

Prospective vs
retrospective

Definition
Study focusing

on ACSFor HI For ACS

2 0 0 0 R N N N
8 0 3 3 NS Y N N

NA NA 1 2 NS N N N
NA 0 2 1 R Y N N
0 1 5 0 NS N N N
5 NA 4 1 P N N N
0 1 1 0 R N N N
0 0 0 0 R N N N

NA 1 3 0 R N N N
11 1 2 1 R Y N N
1 3 4 1 P Y N N
3 0 3 1 NS Y N N

20 0 8 1 NS N N N
NA 1 6 2 P N N N
NA 2 8 1 R Y N N
NA NA 19 3 R Y Y N
4 3 10 1 R Y N N

NA 1 1 0 R Y N N
7 2 7 7 P Y Y Y
1 1 9 5 R Y N N
0 0 1 1 R Y N N

10 2 5 0 R Y N N
3 0 6 0 R Y N N
2 0 17 1 R Y N N

NA NA 5 3 P Y N N
0 0 4b 3 R Y Y N

19 NA 13 20 R Y Y Y
23 0 24 3 R Y N N
4 0 6 1 R Y N N
5 1 5 2 P Y N N
0 1 1 0 P N N N
0 0 2 1 R N N N

NA 0 5 0 P Y N N
0 0 0 1 R Y N N
2 0 4 3 P N Y Y
3 NA 10 3 R N N N
0 NA 6 1 R N N N

NA NA NA 32 R N Y Y
NA NA 8 4 R Y N N

Table I. Continued.
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death. Similarly, a multiple meta-regression analysis model
failed to identify any statistically significant associations
between the seven covariates and death (Table V).

When testing for nonlinear (second degree polynomial)
correlations between the covariates and the mortality rate,
the bifurcated endograft approach was significantly associ-
ated with mortality (R2 ¼ 0.348; P ¼ .0027; Fig 4). The
corresponding model was the following:

M ¼ 0:1036þ ½0:5425� BI� � ½0:5371� BI2
�
:

In the above model, M stands for mortality and BI for
bifurcated endograft approach. All the regression coeffi-
cients were statistically significant (P < .05). This model
indicates that for proportion values >0.50, a bifurcated
endograft approach has a significant negative association
with mortality, where for values<0.50, there is a significant
positive association. In practical terms, centers performing a
higher proportion of bifurcated than aortouniiliac endog-
rafts are likely to achieve better results. None of the remain-
ing covariates had a significant nonlinear correlation with
mortality.

Risk factors for ACS. In an attempt to investigate
potential prognostic risk factors for the development of
ACS, a further meta-regression analysis was performed.
The individual effects of age, local anesthesia, bifurcated
approach, hemodynamic instability, balloon occlusion,
and conversion to open repair were tested, but none
proved to be significantly associated with the



Table II. Proportion meta-analysis data for the 39 studies reporting abdominal compartment syndrome (ACS) figures
after endovascular repair of ruptured abdominal aortic aneurysms (RAAAs)a

Variable
Studies with available
information, No.

Patients/total in the
included studies, No.

Heterogeneity
Pooled proportion, %

(95% CI)Cochran Q df P

LA 28 345/805 492.6 27 <.0001 32 (19-47)
Bifurcated endograft 32 554/892 447.9 31 <.0001 60 (47-72)
Unstable patients 34 345/909 244.9 33 <.0001 31 (23-39)
Balloon occlusion 28 133/780 208.5 27 <.0001 15 (9-23)
Conversion to OR 30 21/691 35.1 29 .2 3 (2-5)
Mortality 38 218/1033 51.1 37 .06 21 (18-24)
ACS 39 109/1134 94.1 38 <.0001 8.0 (5.6-10.8)

CI, Confidence interval; df, degrees of freedom, LA, local anesthesia; OR, open repair.
aResults are expressed as pooled proportions percentage (95% CI), and heterogeneity between studies is tested with the Cochran Q statistic.

Fig 1. Forest plot shows the random effects proportion meta-analysis
for abdominal compartment syndrome (ACS) rates after endovascular
repair in the 39 studies with available information. The first number at
theendof the line foreachstudyrepresents theproportion,with the two
numbers inparenthesis indicatingthe95%confidence interval (CI).The
solid black squaresdenote theACS rate for each study and the horizontal
lines represent the 95% CIs. The pooled estimate is marked with an
unfilled diamond that has an ascending dotted line from its upper point,
and the 95% CI is displayed as a horizontal line through the diamond.

Table III. Definitions of abdominal compartment
syndrome (ACS) in the six studies

First author Definition of ACS

Acosta23 ACS was diagnosed when patients were more
difficult to ventilate or when IAP >30 cm H2O
(22.1 mm Hg) combined with respiratory,
hemodynamic, or renal failure.

Mehta26 ACS was diagnosed when there was tense
abdominal distension, ongoing oliguria,
increased central venous pressures, increased
pulmonary capillary wedge pressures, decreased
cardiac output, increased peak airway pressures,
and increased bladder pressure ($25 mm Hg).

Wibmer33 Diagnosis of ACS was confirmed by measurement
of intraluminal bladder pressure. Pressure values
>30 mm Hg were considered an indication of
operative decompression.

Mayer34 Abdominal decompression was done when
intravesical pressure was >20 mm Hg or when
APP (ie, APP ¼ MAP e IAP) was <50 to
60 mm Hg and concomitant organ deterioration
occurred.

Djavani
Gidlund42

ACS was defined as an IAP of $20 mm Hg with a
new organ dysfunction (cardiac, respiratory, or
renal). ACS was also defined as a combination
of an APP <60 mm Hg and new organ
dysfunction.

Hörer45 When IAP was >20 mm Hg and multiorgan failure
or when APP was <60 mm Hg, a decision was
made to perform lytic-assisted decompression of
the hematoma. The patients were monitored
closely with repeated measurements of IAP and
urine production. If there were no signs of
improvement during the following hours, a
laparotomy was considered.

APP, Abdominal perfusion pressure; IAP, intra-abdominal pressure; MAP,
mean arterial pressure.
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development of ACS (Table VI). The combined effect of
these six covariates on ACS was also tested using a mul-
tiple meta-regression analysis model but none proved to
be statistically significant (Table VII). Finally, no statis-
tically significant association was found between the
midstudy time point and ACS (r ¼ 0.105; P ¼ .542),
indicating that there was no significant increase in the
diagnosis of ACS over time.



Fig 2. Forest plot shows the random effects proportion meta-analysis for abdominal compartment syndrome (ACS)
rates after endovascular ruptured abdominal aortic aneurysm (RAAA) repair (A) in the six studies that provided an
accurate definition of ACS and (B) in the four studies that focused specifically on the development of ACS after
endovascular repair of RAAAs. The first number at the end of the line for each study represents the proportion, with
the two numbers in parenthesis indicating the 95% confidence interval (CI). The solid black squares denote the ACS
rate for each study and the horizontal lines represent the 95% CIs. The pooled estimate is marked with an unfilled
diamond that has an ascending dotted line from its upper point, and the 95% CI is displayed as a horizontal line through
the diamond.

Table IV. The individual effect of seven covariates on perioperative mortality: Results of random-effects meta-regression
analysesa

Covariates
Studies

included, No. Q statistic Residual df P R 2,b
Regression

slope

Age, years 29 0.1016 27 .750 0.004 0.0019
Local anesthesia 28 0.5429 26 .461 0.021 0.0357
Bifurcated approach 32 1.2950 30 .251 0.042 �0.0542
Hemodynamic

instability
34 2.9005 32 .089 0.092 0.1189

Balloon occlusion 28 1.0657 26 .302 0.040 0.0962
Conversion to OR 30 0.1345 28 .714 0.005 0.1457
ACS 38 1.1175 36 .294 0.030 �0.2052

ACS, Abdominal compartment syndrome; df, degrees of freedom; OR, open repair.
aOnly hemodynamic instability was significantly associated with mortality (at P < .10 significance level).
bCoefficient of determination (the percentage of dependent’s variable variance explained by the independent variable).
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Treatment. Treatment details are summarized in
Table VIII. Ten studies recorded no patients with ACS,
whereas the remaining 29 reported a median of two ACS
patients (range, 1-32) per study. Treatment included open
surgical decompression in 86 patients, percutaneous
management in 18, and conservative measures in five.
Open decompression was achieved transperitoneally by a
midline laparotomy in 72 patients or by a limited trans-
lumbar, left lateral, or left iliac fossa extraperitoneal
approach in five. No specific details were available for nine
patients. Another 18 patients were managed percutane-
ously, all at a single Swedish center.45 In five of these, a
20F catheter drain was inserted into the retroperitoneal
hematoma under computed tomography guidance, and
the remaining 13 also underwent tissue plasminogen
activator (tPA)-assisted decompression. This involved the
additional injection of 20 mg tPA solution down the
catheter drain to facilitate evacuation of the coagulated
hematoma and decrease the abdominal pressure. Only one
of the 13 patients did not improve clinically and eventually
required laparotomy. Finally, five patients had been treated
conservatively with supportive measures only, such as
intubation, ventilation, relaxation, and temporary hemo-
filtration. Two of these had been considered candidates for
surgical decompression but did not proceed to evacuation.
In the first case, the patient died before decompression
was performed, and in the second, the relatives refused
further surgery and the patient finally died without
decompression.

In only four patients with available information,
the decompression laparotomy for ACS also identified
ischemic bowel lesions necessitating bowel resection.
Whether to evacuate the retroperitoneal hematoma dur-
ing surgical decompression was another issue not consis-
tently described in the included studies. In only nine
studies (19 patients) did the authors clearly state that



Fig 3. Weighted scatter plot between hemodynamic instability and mortality shows a moderate positive linear cor-
relation (r ¼ 0.303). This correlation is more obvious for proportions of unstable patients between 0.30 and 0.45, as
noted by the Loess curve (dotted red line).

Table V. The combined effect of seven covariates on
perioperative mortality: Results of random-effects
multiple meta-regression analysis

Model terms
Regression
coefficients SE P ba

Constant 0.6461 0.9438 .494
Age �0.0076 0.0103 .457 �0.2168
Local anesthesia 0.0377 0.0848 .657 0.1287
Bifurcated approach �0.1094 0.2622 .677 �0.2741
Hemodynamic

instability
0.5658 0.5355 .291 1.0830

Balloon occlusion �0.4252 0.4927 .388 �0.7457
Conversion to OR 0.9886 1.1111 .374 0.4774
ACS 0.1076 0.4972 .829 0.0584

ACS, Abdominal compartment syndrome; OR, open repair; SE, standard
error of regression coefficients.
aStandardized regression coefficients.
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the retroperitoneal/intra-abdominal hematoma was evac-
uated during decompressive surgery.

Clinical outcome. Only 15 of the 29 studies provided
details on the clinical outcome in ACS patients. In partic-
ular, 35 of the 74 patients with available information
died, for a mortality rate of 47%. However, data regarding
the management of survivors after open abdomen treat-
ment for ACS were available in only three studies.26,34,42

The Albany (NY) group used a midline laparotomy and
temporary abdominal closure with the use of sterile plastic
bags.26 The two survivors had considerable postoperative
morbidity. One patient developed renal failure necessi-
tating permanent dialysis and required multiple operations
and split-thickness skin grafts to close the abdominal wall.
The second patient developed ischemic colitis necessitating
colectomy and required prolonged ventilation with
tracheostomy.

The Zurich experience reported 14 survivors after
decompression for ACS.34 Five patients needed a tempo-
rary abdominal closure with a Bogota bag, whereas nine
had been treated with a vacuum-assisted closure (VAC)
system. A mean of 3.6 (range, 1-12) planned second-
look interventions were done per patient every 3 to
5 days. No bowel lesions or fistulas were observed. Delayed
abdominal wall closure was achieved after a median of
6 days (range, 1-47 days) by direct fascial closure in 11 pa-
tients, a polypropylene mesh in two, and a bilateral anterior
rectus abdominis sheath turnover flap in one.

Finally, in the Uppsala series, the two patients requiring
laparostomy were managed with a combination of VAC
system and mesh-mediated traction.42

DISCUSSION

Organ dysfunction attributable to increased intra-
abdominal pressure (IAP) has been termed “ACS.” Typi-
cally, this is manifested as rising peak airway pressures,
oliguria, and reduced cardiac output. Although the rela-
tionship between raised IAP and renal, respiratory, or car-
diovascular impairment has been known for more than a
century, the term ACS was first introduced in 1984.47



Fig 4. Nonlinear meta-regression plots between the bifurcated endograft approach and mortality are shown for (A) the
second-degree model with 95% confidence belts and (B) by the Loess curve (dotted red line). The model suggest that
mortality shows an increasing trend for centers performing low percentages of bifurcated endografts (<50%) and a
decreasing trend for centers performing high percentages of bifurcated endografts (>50%).

Table VI. The individual effect of six covariates on abdominal compartment syndrome (ACS): Results of random-effects
meta-regression analyses

Covariates Studies included, No. Q statistic Residual df P R 2,a Regression slope

Age 29 1.867 27 .172 0.068 �0.0037
Local anesthesia 28 0.252 26 .615 0.010 0.0159
Bifurcated approach 32 2.178 30 .140 0.079 0.0483
Hemodynamic instability 34 1.568 32 .211 0.058 �0.0489
Balloon occlusion 28 0.292 26 .589 0.011 0.0245
Primary conversion to OR 30 0.064 28 .800 0.005 0.0588

df, Degrees of freedom; OR, open repair.
aCoefficient of determination, defined as the percentage of dependent’s variable variance explained by the independent variable.

Table VII. The combined effect of six covariates on
abdominal compartment syndrome (ACS): Results of
random effects multiple meta-regression analysisa

Model terms
Regression
coefficients SE P bb

Constant 0.2377 0.4368 .587
Age �0.0017 0.0046 .707 �0.1650
Local anesthesia 0.0185 0.0687 .788 0.1338
Bifurcated approach �0.0170 0.1443 .906 �0.1078
Hemodynamic

instability
�0.1694 0.2642 .521 �0.7566

Balloon occlusion 0.1260 0.2361 .594 0.4695
Primary conversion to OR �0.0497 0.6383 .938 �0.0625

OR, Open repair; SE, standard error of regression coefficients.
aNumber of studies included ¼ 14; R2 ¼ 0.241; Q(6,7) ¼ 2.238; P ¼ .897.
bStandardized regression coefficients.
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This report by Kron et al included patients who developed
ACS after aortoiliac surgery. Since then, several studies had
been published reporting mixed groups of patients, with a
predominance of trauma victims.48 The incidence of ACS
in these series varied considerably, from 0.1% to 33%.
This wide range reflects the different methods of measure-
ment of IAP and patient groups studied.

Apart from the trauma patients, in some of the early re-
ports of ACS, increased IAP was also recognized in patients
undergoing major vascular surgery.48 In particular, patients
having emergency open repair of RAAAs are likely to
develop raised IAP due to the large retroperitoneal hema-
toma and diffuse visceral edema.2,49,50 Progression to ACS
and multiorgan failure is a common problem in this popu-
lation and represents a leading cause of postoperative
death. To date, few studies have focused on the develop-
ment of ACS after open RAAA repair.2,42,49,50 In brief,
the incidence of ACS appears to be w5% on clinical criteria
without measurement of IAP, and is >10% when IAP is
monitored. In a questionnaire survey, Australian vascular
surgeons and intensivists estimated the prevalence of ACS
after RAAA as between 10% and 30%.49

With the introduction of endovascular techniques in the
treatment of RAAAs, intra-abdominal hypertension (IAH),



Table VIII. Treatment details in patients who developed abdominal compartment syndrome (ACS)

First author Pts, No. Type and timing of treatment Outcome

Veith9 3 Decompression and evacuation of the
retroperitoneal hematoma was performed in
3 pts; through a limited retroperitoneal
incision in 2 and by a transperitoneal
incision in 1. This was performed for an
overt ACS in 1 and prophylactically in 2.

Information not available.

Reichart10 2 2 hemodynamically unstable pts developed
ACS. In pt 1, a laparotomy was performed
on post-op day 1 to evacuate the intra-
abdominal hematoma.

Pt 1 required prolonged IPPV, was weaned
from the ventilator on day 19, and died
unexpectedly of cardiac arrhythmia the day
before discharge (day 30). Pt 2 survived.

Van
Herzeele11

1 Right translumbar retroperitoneal
decompression (day 1); 1500 mL blood
evacuated. The peritoneum was also
opened, and another 500 mL of blood was
aspirated.

Survived.

Resch13 1 Nonoperative treatment. Information not available.
Larzon17 1 Percutaneous drainage. Information not available.
Alsac18 1 Surgical evacuation of the hematoma. Information not available.
Lagana19 1 Nonoperative treatment. Information not available.
Dalainas20 1 Small left lateral laparotomy, day 2. Information not available.
Oranen21 2 Pt 1, laparotomy for evacuation of

retroperitoneal hematoma, day 0. Pt 2,
complicated post-op course with 3
reinterventions (laparotomies) for ACS,
ischemic colitis, and sepsis.

Both died; pt 1 of respiratory insufficiency on
day 14; pt 2 of pneumonia on day 20.

Visser22 1 Decompression laparotomy 7 hours after the
primary procedure.

Died of respiratory insufficiency on post-op
day 4.

Acosta23 3 Abdominal decompressive surgery in all 3. Information not available.
Coppi24 1 Evacuation via left iliac fossa cutdown. ARF requiring hemodialysis.
Mehta26 7 Midline laparotomy in all 7; of the 6 pts with

available info, 4 were decompressed
primarily at the completion of the ER,
whereas 2 were diagnosed with ACS and
were decompressed during the post-op
period.

4/6 with available information died: 2/4 with
primary decompressions, 2/2 with
secondary decompression.

Ockert27 5 5 pts needed evacuation of a retroperitoneal
hematoma post-op to prevent ACS, 2 of
them during the primary operation.

Information not available.

Najjar28 1 Decompression laparotomy. Died of hemorrhage due to uncorrectable
coagulopathy.

Karkos31 1 Midline laparotomy (day 2). Died of MOF and sepsis (day 28).
Verhoeven32 3 3 pts required reintervention for ACS (1 had

ischemic colon and ACS).
Information not available.

Wibmer33 3 Laparotomy & decompression by evacuation
of the retroperitoneal hematoma in all 3.

Information not available.

Mayer34 20 Decompression for ACS and OAT was needed
in 20 pts, primarily in 14, secondarily in the
ICU in 6.

6/20 (30%) died; 1 pt died intraoperatively of
uncontrollable bleeding, 1 died of MOF
after small bowel ischemia, 1 died of sepsis
after ischemic cholecystitis, 2 died of cardiac
events, and 1 died of pneumonia 29 days
after the intervention.

Holst35 3 Exploratory laparotomy in all 3. Information not available.
Guo36 1 1 pt was diagnosed with ACS (IAP 18e40 cm

H2O), but died before laparotomy was
possible.

Died (100%).

Starnes37 2 2 pts developed ACS. One had early endoleak
(type 1), which was initially undetected on
completion imaging. This endoleak was
identified on reoperation and conversion to
OR.

The pt converted to OR died (50%).

Lyons39 1 Required decompressive laparotomy and
colectomy.

Survived.

Hsiao41 1 Minilaparotomy for decompression, with
evacuation of the retroperitoneal hematoma
(day 4).

Survived.

(Continued on next page)

JOURNAL OF VASCULAR SURGERY
10 Karkos et al --- 2014



Table VIII. Continued.

First author Pts, No. Type and timing of treatment Outcome

Djavani
Gidlund42

3 Pt 1, relatives refused further treatment and
was not decompressed; midline laparotomy
in pts 2 and 3.

Pt 1 died; those decompressed survived.

Sarac43 3 Decompressive laparotomy in all 3. Information not available.
Noorani44 1 Laparotomy. Information not available.
Hörer45/

Larzona
32 32 pts had been decompressed; 4 pts were

treated percutaneously with catheter only;
13 received catheter and tPA; 15 had
decompressive laparotomy.

Total mortality 16/32 (50%): 4/4 in the
catheter-only group, 5/13 in the tPA
group, and 7/15 in the laparotomy group.

Saqib46 4 Laparotomy in all 4. Information not available.

ARF, Acute renal failure; ER, endovascular repair; IAP, intra-abdominal pressure; ICU, intensive care unit; IPPV, intermittent positive-pressure ventilation;
MOF, multiple organ failure; OAT, open abdomen treatment; OR, open repair; pt, patient; tPA, tissue plasminogen activator.
aMissing data retrieved by personal communication with the study authors.
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with or without ACS, has been an increasingly recognized
complication.The closednature of endovascular repair,which
does not allow evacuation of the retroperitoneal hematoma,
has raised concerns that the incidence of ACS may be higher
than the incidence after open repair. This entity was first
recognized by the Veith group9 in New York, but its system-
atic treatment has been promoted by Lachat et al34 in Zurich.
However, reliable data on the incidenceofACSafter endovas-
cular repair are lacking. To date, only four published series
have focused specifically on the development of ACS after
endovascular repair of RAAAs.26,34,42,45

Thepresent study is thefirst to address in ameta-analytical
fashion the issue of ACS after endovascular repair of RAAA.
Based on data from 39 series, we calculated a pooled ACS
rate of 8%. However, this seemingly low figure should be
interpreted with caution. for the following reasons:

d Of the 57 studies with mortality and morbidity data af-
ter endovascular RAAA repair, 18 gave no details at all
regarding ACS.

d The combined studies were heterogeneous, suffer
from small numbers, and seem to be influenced by
several selection biases, the most important being he-
modynamic instability.

d Within included and excluded studies, many instances
of multiple organ failure were reported that might have
been related to the development of ACS but not spe-
cifically reported as such because standard diagnostic
criteria were not considered or were not applied.
This could be due to low awareness or simply reflect
under-reporting.

d The lack of an accurate definition for ACS is also
another important limitation, because only six of the
39 studies provided one.

To address the above issues and test the robustness of
the primary meta-analysis, a sensitivity analysis was per-
formed including only series with a definition for ACS or
those focusing on ACS. These documented significantly
higher ACS rates. Fortunately, the lack of definition is no
longer a problem after the publication of the consensus
documents of the World Society on the Abdominal Com-
partment Syndrome (WSACS).50 According to WSACS,
ACS is defined as a sustained IAP >20 mm Hg (with or
without an abdominal perfusion pressure <60 mm Hg)
that is associated with new organ dysfunction/failure.
Abdominal perfusion pressure is defined as the mean arte-
rial pressure minus the IAP. Now that an agreed definition
is available and the awareness amongst endovascular thera-
pists is increasing, the reported incidence of ACS may in-
crease. This is backed by the findings of the present
study, which imply that with improved awareness and vigi-
lant monitoring, almost one in five RAAA patients may be
diagnosed with ACS after endovascular repair. This is
particularly more likely if prospective data are collected
and reported uniformly using IAP (ie, a situation similar
to that observed after open repair).

The ideal management of ACS is another complex
matter. When and how to act when development of
IAH/ACS is suspected or imminent is debatable. Some in-
vestigators have advocated early prophylactic decompres-
sion in patients thought to be at high risk to develop
ACS. However, this should be weighed against the
bleeding and infective complications of additional decom-
pressive surgery. Routine monitoring of IAP may allow
early initiation of conservative treatment of IAH before
dangerous levels of IAH develop. Supportive measures,
such as intubation, ventilation, muscle relaxation, and tem-
porary hemofiltration, may suffice in some patients. When
grade III IAH (IAP ¼ 21-25 mm Hg) or IV IAH (IAP
>25 mm Hg,) or ACS develop and conservative measures
are not effective, urgent decompression of the abdomen is
mandatory. This is most effectively performed through a
complete midline incision.50

Less invasive approaches, such as translumbar extraper-
itoneal decompression, may be a good alternative to a
midline laparotomy.11 This approach may be achieved
through a lumbotomy and relieves raised IAP by draining,
mainly, the retroperitoneal component of the hematoma.
Although one can also open the peritoneum and drain
any free intraperitoneal blood as well as inspect the visible
bowel, the main drawback of this technique is that it



Fig 5. Algorithm for escalation of management of abdominal compartment syndrome (ACS) after endovascular repair
of ruptured abdominal aortic aneurysms (RAAAs).
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does not directly visualize all the intestines and, as such,
may miss bowel ischemia.

The percutaneous approach reported by the Örebro
group45 is a novel option using tPA-assisted evacuation
of the hematoma. This may prove useful in selected pa-
tients in whom a retroperitoneal hematoma is the major
component. However, this approach is not suitable for pa-
tients who need rapid decompression, because the full ef-
fect of tPA-assisted decompression might take hours or
days to manifest. Finally, it does not allow inspection of
the bowel or reduction of the pressure from swollen intes-
tines and is contraindicated in patients with type I endoleak
because it can accelerate existing bleeding. A management
algorithm for ACS is summarized in Fig 5.

Identification of patients at high risk to develop ACS is
equally important because early recognition of predispos-
ing factors may optimize treatment and patient outcome.
Although the present meta-analysis and meta-regression
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analysis failed to identify any statistically significant risk fac-
tors for the development of ACS, a previous study from the
Albany (NY) group26 documented that (1) the need for an
aortic occlusion balloon, (2) the presence of severe coagul-
opathy, (3) massive transfusion requirements, and (4) the
emergent conversion of modular bifurcated stent grafts to
aortouniiliac devices were all associated with the develop-
ment of ACS. The latter was due to ongoing hemodynamic
instability and inability to expeditiously cannulate the
contralateral limb of the endograft. Therefore, all such pa-
tients should be monitored closely so that early treatment
can be initiated.

Finally, with regard to the clinical outcome, the devel-
opment of ACS after endovascular repair of RAAAs is an
ominous scenario that has a significant negative effect on
survival. Although a formal meta-regression analysis failed
to reveal a statistically significant association between
ACS and mortality, clearly, the mortality rate is increased
in patients with ACS. Almost half the patients who devel-
oped ACS in this pooled series eventually died. To date,
only two studies have investigated the effect of ACS on
mortality after endovascular repair of RAAAs.26,34 Both
in the Albany (NY)26 and the Zurich34 experience, the
mortality rate was significantly higher in patients with
ACS than in patients without ACS (grouped together: 10
of 26 [38%] vs 10 of 106 [9%]; P ¼ .0008).

The survivors after decompression for ACS have
considerable postoperative problems, too. These patients
suffer major morbidity, have a prolonged hospital stay,
and require frequent reinterventions.34 Nevertheless, with
novel techniques and treatment protocols, such as the
VAC system and mesh-mediated traction, popularized by
the Zurich and Uppsala groups, the management of such
patients until delayed closure is possible has become
much easier.34,42

CONCLUSIONS

ACS is nowadays an increasingly recognized entity.
Open and endovascular repair of RAAAs may both be
complicated by ACS, and although different causes may
contribute to this sequela, the clinical manifestation and
diagnostic criteria should be considered identical. This
study is the first to address in a systematic fashion the
incidence of ACS by analyzing 39 studies reporting out-
comes after endovascular repair of RAAAs. The robust-
ness of the meta-analysis was clouded by heterogeneity,
selection bias, small numbers, low awareness, and possible
under-reporting. The estimated pooled ACS rate after
endovascular repair was 8%, but this figure may be
>20% with improved awareness and vigilant monitoring.
With more and more units throughout the world offering
endovascular repair as a first-line option in the manage-
ment of RAAAs, increased awareness and close moni-
toring for the development of ACS may allow earlier
recognition and aggressive treatment of this complication.
These are both of paramount importance if the mortality
figures after endovascular repair of RAAAs are to be
improved.
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