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BACKGROUND
Five to eight percent of men older than 60 years have a pathological dilatation of the 
aorta i.e. an abdominal aortic aneurysm1. In the female population prevalence rates are 
much lower, ranging from 0.7 to 1.5%2. The aorta is the largest artery in the body. It 
arises from the left ventricle and extends down via the chest cavity to the abdomen. It 
serves to supply all parts of the body with oxygenated blood. One of the most common 
disorders of the aorta is aneurysmal disease, defined as a local dilatation of the arterial wall 
of more than 50%. Aneurysms may affect both the thoracic and the abdominal aorta. 
The majority of aortic aneurysms however, are located below the renal arteries (infrarenal 
abdominal aortic aneurysm [AAA]). Approximately fifteen percent of these extend up 
to the renal arteries and are called juxtarenal abdominal aortic aneurysms (JAAs; Figure 
1.1)3. Generally, aneurysmal disease of the aorta is asymptomatic. However, as aortic 
aneurysms expand they may rupture, causing a life-threatening emergency. To prevent 
aneurysm rupture, surgical repair may be performed. 

Traditionally, aortic aneurysms are treated by open repair: after direct surgical exposure 
of the aorta, the aorta is cross-clamped, the aneurysm opened and replaced by a prostetic 
graft. Another treatment option, introduced in the nineties, is endovascular aortic 
aneurysm repair (EVAR). During EVAR an endograft is introduced via the femoral 
arteries and deployed at the site of the aneurysm, excluding the aneurysm from the 
circulation. Although proven successful, both open and endovascular aneurysm repair 
are not without risk of complications, morbidity and even mortality. Especially in 
the case of JAA repair endovascular repair of JAA is not easy to apply, because EVAR 
requires an adequate infrarenal neck for proximal endograft fixation4,5. Currently available 
EVAR devices specify a proximal fixation length of at least 10 mm. JAAs extend up to 
the orifices of the renal arteries, thus lacking an adequate proximal landing zone for 
EVAR.  Endovascular procedures using a fenestrated or branched endograft have proven 
to be complex, technically challenging, and time consuming. Moreover, the long-term 
results are lacking6,7. Therefore, treatment of JAA often requires open repair with aortic 
cross-clamping above the renal arteries. This means that the renal arteries are temporary 
occluded and the kidneys have no blood supply for 30-60 minutes during suprarenal 
aortic cross-clamping, seriously increasing the risk of postoperative renal dysfunction8. 

The aim of this thesis is to create more insight in some aspects of renal preservation 
during juxtarenal aortic aneurysm (JAA) repair and to shed light on several cellular 
and molecular mechanisms involved in postoperative renal failure and multiple organ 
failure after JAA repair, as well as to investigate new techniques in minimal invasive and 
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open surgery of the aorta that may reduce operative trauma and improve postoperative 
recovery. To this end multiple studies were performed in patients, in an animal model, 
in an in-vitro model and in human cadavers. The chapters of this thesis are presented in 
three main sections.

PART I: Juxtarenal aortic aneurysms: renal cooling and reduction of postoperative 
renal failure.
Clinical studies.
As mentioned above, open repair of juxtarenal aortic aneurysms (JAAs) is associated with 
postoperative renal failure8-12. In chapter two we systematically reviewed perioperative 
mortality and postoperative renal dysfunction after open repair of non-ruptured JAAs. 
This review showed that postoperative renal dysfunction is a common complication after 
JAA repair. 

In two clinical studies (chapter three and four) we investigated the effect of cold renal 
perfusion on the postoperative renal function after JAA repair. In renal transplantation 
cold renal perfusion is standard procedure to preserve renal function13,14. Renal oxygen 
consumption is reduced when the renal parenchyma is cooled15. We hypothesized that 
intraoperative renal cooling may help to improve surgical outcome of JAAs, especially 
in case of pre-existing renal failure or if a long period of renal ischemia is anticipated. 

Figure 1.1. Left: infrarenal aortic aneurysm. Right: juxtarenal aortic aneurysm (JAA), i.e. 
abdominal aortic aneurysm extending to the orifices of the renal arteries. 
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However, renal ischemia time can be difficult to predict. Therefore, it might be 
advantageous to implement routine, standardized hypothermic renal perfusion for all 
juxtarenal aneurysm repairs performed. In these patient studies we perfused the kidneys 
with a NaCl 0,9% solution (NS, normal saline) with an initial temperature of 4ºC via 
9 French balloon-tipped Pruitt irrigation catheters (LeMaitre Vascular Inc, Burlington 
USA). These were inserted from within the opened aneurysm into the renal arteries 
during suprarenal aortic cross-clamping (Figure 1.2). The catheters in the renal arteries 
were removed after completion of the proximal aortic anastomosis, followed by replacing 
the suprarenal clamp onto the graft infrarenally, allowing reperfusion of the kidneys.  
In chapter three we described the study about the outcome of routinely applied renal 
cooling after elective JAA surgery. In chapter four we investigated two groups of patients 
with ruptured JAA repair, one group received renal cooling and the other did not.

PART II: Juxtarenal aortic aneurysms: renal cooling and the mechanisms of 
reduction of postoperative renal failure and sigmoid colon injury. 
Experimental studies.

Simulation of juxtarenal aortic aneurysm repair in a rat model
The results of the two patient studies described in chapter three and four triggered our 
curiosity regarding the pathophysiological aspects of the development of renal damage 
and multiple organ failure after JAA repair, and the protection of the kidneys by renal 

Figure 1.2. Kidneys were perfused with cold saline during suprarenal aortic cross-clamping. Left: 
insertion of a 9 French Pruitt irrigation catheter into the renal artery from within the opened 
aneurysm for perfusion of the kidney. Right: cold saline is infused via the catheters until the 
proximal anastomosis is completed and the suprarenal aortic cross-clamp can be removed. 
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1cooling. In chapter five we therefore simulated human open JAA repair in a rat model 
and compared it with a frequently used, more simple, model for ischemia-reperfusion 
damage in the kidney (one clamp model; Figure 1.3). In our JAA repair model the aorta 
was clamped proximal to the renal arteries and distally on the aortic bifurcation, after 
which the aorta was opened. After completion of the proximal aortic anastomosis the 
suprarenal aortic-cross clamp was removed and set under the renal arteries (infrarenal) 
in order to restore blood flow to the kidneys while creating the distal anastomosis (JAA 
repair model; Figure 1.3). We investigated the renal changes in the development of renal 
failure in these two groups, as well as in a sham group. 

Figure 1.3. One clamp model: one suprarenal clamp is placed to induce renal ischemia (“simple 
ischemia-reperfusion model”), allowing collateral perfusion of the “ischemic” kidneys; JAA 
repair model: simulation of JAA repair: besides the suprarenal clamp a distal clamp on the aortic 
bifurcation is placed, preventing collateral perfusion similar to the situation with JAA repair. 
After finishing the proximal anastomosis the proximal suprarenal clamp is replaced under the 
renal arteries (infrarenally) in order to restore blood flow to the kidneys (renal reperfusion), while 
creating the distal anastomosis.
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Pathophysiological mechanisms of renal dysfunction and protection 
NITRIC OXIDE. Renal ischemia-reperfusion injury involves priming of the endo-
thelium to produce free radicals and chemoattractants16. In addition, both vascular 
endothelium and tubular cells in kidneys can produce nitric oxide (NO), which is an 
endogenous vasodilator that regulates renal flow and function17. Availability of NO 
might be altered. Moreover, its producing enzyme nitric oxide synthase (NOS) can shift 
from NO-production to generation of the superoxide free radical18. Oxidative stress 
occurs when intracellular levels of reactive oxygen species (ROS) production exceed ROS 
scavenging mechanisms. Oxidative stress is known to trigger apoptosis in cells19. White 
blood cells and platelets sense oxidative stress and can produce ROS themselves20. The 
reaction product of NO and the oxygen radical superoxide is peroxynitritie (ONOO-), 
which is considered extremely toxic. A stable footprint of peroxynitrite production is 
nitrotyrosine, which can be determined in blood and (renal) tissue21.

ADMA. The shifting from NO-production to superoxide free radical production can 
be initiated by asymmetrical dimethylarginine (ADMA)18. ADMA is an endogenously 
inhibitor of nitric oxide synthase22. Normally, dimethylarginines are eliminated by the 
kidneys in order to control ADMA-levels23. An increase in ADMA-levels influences 
systemic hemodynamics and reduces renal flow by inhibiting NO-synthesis. This 
leads to oxidative stress followed by reduction of the biological effects of NO22. Low 
arginine plasma levels in combination with high ADMA-levels deteriorate systemic 
hemodynamics and high ADMA-levels are associated with mortality on the Intensive 
Care Unit24. Elevated ADMA-concentrations have also been reported in patients with 
chronic kidney disease25. We therefore measured the functional capacity of the kidneys to 
clear ADMA, other variables in the ADMA metabolism, as well as renal oxidative stress 
(nitrosylation of renal proteins) and renal hemodynamics.

LIPOCALIN-2. A possible indicator of tubular damage and biomarker for acute renal 
injury is lipocalin-2 (NGAL), a small 25 kDa protein. Increased expression of lipocalin-2 
has been found under various pathophysiological conditions and appears to be an early 
marker for renal damage26. Its expression can be induced by ROS27. So far NGAL is 
suspected for exerting a protective function at sites of oxidative stress28. Lipocalin-2 binds 
low molecular weight ligands, such as heme, and forms a complex with iron-binding 
siderophores, which may facilitate the removal of excess intracellular iron, thereby limiting 
oxidant mediated apoptosis of renal tubular cells26. Lipocalin-2 is found in tubular cells 
and after tubular cell apoptosis lipocalin-2 can also be found in blood and urine.
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1In chapter six we set out to investigate in the JAA-repair model (Figure 1.3) the protective 
effects of renal hypothermic perfusion on the kidneys. We were especially interested 
to establish whether or not perfusion per se had protective effects, and if additional 
hypothermia was needed to further preserve renal function. We studied the potential 
protective effects of cooled (4ºC) and non-cooled (37ºC) perfusion during renal ischemia 
(Figure 1.4) on several pathophysiological aspects. As mentioned before, one of these is 
the metabolism of dimethylarginines. The kidneys play a key role in dimethylarginine-
metabolism, which is associated with renal hemodynamics. Furthermore, we studied 
markers of oxidative stress and inflammation, e.g. nitrosylation of renal proteins, 
leukocyte accumulation, NGAL expression and microscopic localization as well as its 
presence in the urine, the latter being an early marker of renal damage. 

Renal preservation and sigmoid colon injury
Ischemia of the colon is a potentially fatal complication of abdominal aortic surgery. 
The incidence of colon ischemia has been described to range from 5% to 10% after 
elective abdominal aortic aneurysm repair and 10% to 60% after ruptured abdominal 
aortic aneurysm repair29-32. The ischemic lesions of the colon are most often located 
at the sigmoid, and they are usually provoked by hypoperfusion and an inadequate 
collateral blood flow from the superior mesenteric artery (SMA) and the hypogastric 
arteries30,31. Surgical treatment of juxtarenal aortic aneurysms (JAAs) requires suprarenal 
cross-clamping, however below the SMA take-off. This causes renal ischemia-reperfusion 
injury (I/R-injury), which might be followed by multiple organ failure (MOF) in which 
sigmoid colon damage may be a factor. Cold perfusion of the kidneys during JAA-repair 
has been shown to reduce postoperative renal failure and possible MOF and mortality. 
In chapter seven we investigated the influence of renal dysfunction on damage to the 
sigmoid colon. When colon ischemia occurs, the mucosa is more likely to be affected 
first. As a marker for intestinal mucosal injury, we determined the expression of Intestinal 
Fatty Acid Binding Protein (I-FABP) in the sigmoid. I-FABP is a 14-15 kD cytoplasmic 
protein and can be found in the enterocytes, which constitute the epithelial layer of the 
intestinal mucosa33,34. 
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Renal ischemia without renal perfusion Renal ischemia with renal perfusion with NS

Figure 1.4. Renal ischemia induced with suprarenal aortic cross-clamping in rats. 
Left: renal ischemia without renal perfusion. 
Right: renal ischemia with renal perfusion with cold (4°C) or warm (37°C) saline. 
NS= Normal Saline.
Note the discoloration of the perfused kidney.

PART III: New endovascular techniques for aortic aneurysm repair.
Experimental studies.
In contrast to conventional open AAA surgery, requiring a long midline or flank 
incision, endovascular aortic aneurysm repair (EVAR) can be performed through two 
groin incisions and does not require aortic cross clamping. In elective AAA repair, 
EVAR has shown significant short-term advantages for the patient compared to open 
surgery. Randomized trials have demonstrated that EVAR is associated with fewer blood 
transfusions, lower perioperative morbidity and mortality, and shorter hospital stay. 
However, long-term results of EVAR and open repair do not differ35,36.
In order to improve endovascular aneurysm repair we investigated current difficulties 
and limitations. The feasibility of EVAR for both the abdominal and the thoracic aorta 
(TEVAR, thoracic endovascular aneurysm repair) may be limited by patient anatomy and 
technical difficulties37,38. Specific anatomical difficulties can be imposed by limited access 
and short or absent proximal or distal landing zones (like described above in juxtarenal 
aneurysms). The common femoral artery is most often used for vascular access. However, 
small size, tortuosity, calcification and atheromatous disease of the ilio-femoral systems 
may hinder or even preclude EVAR or TEVAR in a significant number of patients. In 
thoracic endovascular aortic repair the delivery sheaths involved are often larger and the 
distance to be traversed is longer than for abdominal aortic endografting. Alternatively, 
the descending thoracic aorta may be used for vascular access39. By shortening the distance 
between the access point and deployment site manoeuvrability may be enhanced, which 
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1may prove particularly advantageous during branched endografting of the aortic arch. 
Therefore we developed a videoscopic approach to the descending thoracic aorta in 
order to facilitate aortic endografting by direct puncture of the aorta (Figure 1.5). We 
examined the feasibility of this technique for branched endografting of the aortic arch 
and pararenal aorta in a human cadaver, in which we simulated pulsatile circulation. The 
results of this study are presented in chapter eight. 

In case of juxtarenal aortic aneurysms, fenestrated devices can be used40-44, which preserve 
blood flow to renal or visceral branches. A major drawback is the fact that customization, 
planning, and manufacturing of such stent grafts require a lot of time (months)44,45. The 
chimney (or sandwich) technique uses off-the-shelf stent grafts adjacent to the main 
graft to maintain perfusion of renal and visceral side branches in aneurysms with short 
proximal aortic neck. It has been applied in rare cases in patients46-49. An inadequate 
sealing between the chimney graft and main graft leads to the formation of so-called 
gutters between the grafts and the aortic wall, which could lead to type 1 endoleaks. 
In chapter nine we investigate the sealing between the chimney graft and the main 
graft and the formation of gutters. The aim of this study is to find the optimal chimney 
graft-configuration with smallest gutters and acceptable main graft and chimney graft 
compression (<50%).

Finally, this thesis will be concluded with a summary, discussion and future perspectives 
in chapter ten. 

In chapter eleven we will provide a summary of this thesis in Dutch.

Figure 1.5. Direct videoscopic puncture of the thoracic aorta for direct endograft delivery. 
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ABSTRACT
Objectives.
Juxtarenal aortic aneurysms (JAA) account for approximately 15% of abdominal 
aortic aneurysms. Despite advances in endovascular aneurysm repair, open repair 
requiring suprarenal aortic cross clamping is still the treatment of choice for JAA. 
We performed a systematic review of the literature to determine perioperative 
mortality and postoperative renal dysfunction after open repair for non-ruptured 
JAA.
Methods.
The Medline, Embase, and Cochrane databases were searched to identify all 
studies reporting on non-ruptured JAA repair published between January 1966 
and December 2008. Two independent observers selected studies for inclusion, 
assessed the methodologic quality of the included studies and performed the data 
extraction. Study heterogeneity was assessed using forest plots and by calculating 
the between-study variance. Outcomes were proportions of perioperative mortality, 
postoperative renal dysfunction and new onset of dialysis. Summary estimates with 
95% confidence interval (95% CI) were calculated using a random effects model 
based on the binomial distribution.
Results.
Twenty-one non-randomized cohort studies from 1986 to 2008, reporting on 1256 
patients were included. Heterogeneity between the studies was low. The weighted 
mean perioperative mortality was 2.9% (95% CI, 1.8 to 4.6). The weighted mean 
incidence of new onset of dialysis was 3.3% (95% CI, 2.4 to 4.5). Postoperative 
renal dysfunction was reported in 5 studies and its median value was 12.5% (range, 
0 to 28%). In seven studies cold renal perfusion during suprarenal clamping was 
performed in order to preserve renal function.
Conclusions.
Open repair of non-ruptured JAA using suprarenal cross clamping can be performed 
with acceptable perioperative mortality, however, postoperative deterioration of 
renal function was seen in 12.5% and in 3.3% dialysis was required. Preservation 
of renal function after JAA repair requires further investigation.
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INTRODUCTION
Juxtarenal aortic aneurysms account for approximately 15% of abdominal aortic aneurysms 
(AAA).1-10 By definition, suprarenal aortic cross-clamping is required for surgical repair, 
causing temporary renal artery occlusion which may lead to postoperative renal failure, 
in some cases requiring (temporary) hemodialysis. Standard endovasular aneurysm repair 
(EVAR) is not an option due to absence of an infrarenal neck. Fenestrated and branched 
aortic endografts have been developed into successful clinical application and may be 
applied in selected patients with JAA. However, procedures have proven to be complex, 
technically challenging, and time consuming.11,12 Therefore, open repair of JAA remains 
to be the gold standard. The aim of the present study was to perform a systematic review 
on mortality and postoperative renal dysfunction in patients after non-ruptured open 
JAA repair. This review may serve as a bench mark for (future) endovascular procedures.
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METHODS
This systematic review was performed according to the guidelines of the Dutch 
Cochrane Centre and the Meta-analysis Of Observational studies in Epidemiology 
group (MOOSE).13,14 Search strategy. A computer-assisted search was performed by 
two independent investigators (V.J. and D.H.), with assistance of a clinical librarian. 
The medical databases Medline (from January 1966 to December 2008), Embase 
(from January 1988 to December 2008) and the Cochrane Database of Systematic 
Reviews (from 1990 to December 2008) were searched. The following combination of 
medical subject headings (MeSH) was used: abdominal aorta, aortic aneurysm, aortic 
rupture, abdominal aortic aneurysm, renal circulation, renal insufficiency, renal artery 
obstruction and renal artery. An additional search was performed using a combination 
of the following free text words: juxtarenal aneurysm, suprarenal aneurysm, pararenal 
aneurysm and surgery. Electronic links to related articles and reference lists of selected 
articles were hand-searched as well. A hand search of relevant journals and conference 
proceedings was not performed. We did not perform systematic searches for unpublished 
data or abstracts, nor were leading authors in the field contacted to retrieve more articles. 
After identifying relevant titles, the abstracts of these studies were read to decide if the 
study was suitable. Study selection. Two authors (V.J. and D.H.) independently selected 
the articles based on full text review. All studies reporting mortality, incidence of acute 
renal dysfunction or new onset of dialysis after open repair of non-ruptured juxtarenal 
aortic aneurysms were considered for inclusion. JAA were defined as aneurysms that 
involve the infrarenal abdominal aortic segment and extend up to and sometimes include 
the lower margins of the renal artery origins, requiring suprarenal cross clamping during 
open aneurysm repair.15 Studies reporting combined results of suprarenal, pararenal and 
juxtarenal aneurysm repair or ruptured and non-ruptured repair were included only if 
specific results for non-ruptured JAA could be derived. Studies had to comprise a minimal 
number of ten patients to be eligible for inclusion. We excluded studies reporting only 
on endovascular aneurysm repair, hybrid techniques, aortic occlusive disease or aortoiliac 
aneurysm repair in renal transplant patients. Only articles written in English or Dutch 
were included. To be eligible, articles had to describe original patient series.
Studies containing duplicate material were excluded and the larger of the studies, 
containing the best documented data, was included for analysis. Review articles, technical 
descriptions and case reports were excluded. Discrepancies in judgment, if any, were 
resolved by discussion among the authors, final inclusion occurred after consensus was 
reached. Methodologic quality assessment. The methodologic quality of each included 
article was determined by the same two observers independently. 
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Using a critical review checklist, study quality was assessed by whether the article fulfilled 
the following requirements:
1. a clear definition of the study population,
2. selection bias could be sufficiently excluded,
3. a clear description of method of intervention,
4. detailed description of outcomes,
5. data collection by independent or blinded observers,
6. follow-up during the entire hospital-stay up to discharge,
7. description of excluded patients and reasons for exclusion,
8. description of confounders.
Furthermore, all studies were evaluated using a list of 7 detailed study characteristics. 
Each item was graded on a scale of 0 to 2 depending on the information available in the 
article. Quality score was assessed by whether the study reported a consecutive series, 
a prospective series, details of surgical indication, details on the surgical procedures, 
renal protective measures taken, incidence of postoperative renal dysfunction, and 
mortality rate. Discrepancies in methodologic assessment were resolved by discussion. 
Methodologic quality was not used as an exclusion criterion.
Data extraction. Two authors (V.J. and D.H.) extracted the data independently. Any 
disagreement was reconciled by repeat review of the studies in question. A standardized 
form was used to extract the data, which included publication year, country of origin, 
number of patients, age and sex of the patients, study design, preoperative renal 
dysfunction, aneurysm type, aneurysm size, details on surgical intervention, use of renal 
protective measures, 30 day or in-hospital mortality, and postoperative renal dysfunction. 
Postoperative renal dysfunction had to be described according to the RIFLE criteria for 
acute kidney injury criteria to be eligible.16 The RIFLE criteria have been developed to 
provide a uniform definition of acute kidney injury, with the ability to identify different 
stages of disease progression. Cumulative incidence of new onset hemodialysis was also 
retrieved. This included all patients who required temporary or permanent hemodialysis 
during postoperative hospital stay, but were not depended on dialysis preoperatively. 
Data were considered missing if they were not reported in a table or mentioned explicitly 
in the test. If the study described combined results for suprarenal aortic aneurysms (SAA) 
and JAA or ruptured and non-ruptured aneurysms, only data for non-ruptured JAA 
were extracted. Data were considered not retrievable if data was reported combined, but 
specific data for JAA repair could not be derived.
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Statistical analysis. 
Proportions were transformed to a logit-scale and subsequently meta-analyzed using a 
random effects model. The exact binomial distribution was used to model the within 
study variance in order to give more weight to studies in which a proportion was measured 
with higher precision. Random effect summary estimates of perioperative mortality and 
new onset of dialysis were presented together with 95% confidence intervals (95% CI). 
Study heterogeneity was assessed using forest plots and by calculating the between-study 
variance. Data analysis was performed using SAS 9 (SAS Insitute Inc, NC, USA) using 
the procedure for generalized mixed model (proc nlmixed).

1680 potential relevant articles
identified by search

    1626 articles excluded after screening of abstract

14 articles excluded after full text screening

1   similar database
6   review/Case-report / Technical note
1   animal-experimental study
5   irrelevant cohort
1   N < 10

19  articles excluded because data was inadequate 
or not retrievable

15  data JAA and suprarenal aortic aneurysms 
combined

4   data JAA and occlusive disease combined

54 articles selected for full text 
assessment

40 articles fulfilled eligibility

21 articles included in 
meta-analysis

Figure 2.1. Flow chart illustrating study selection.
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RESULTS
The search identified 1680 studies, of which 54 articles were potentially eligible for 
inclusion after first inspection. Study flow and reasons for exclusion are presented in 
Figure 2.1. One study was excluded because it reported on a similar database as one larger 
study.17 One animal study18, 3 case reports19-21, 1 review article22, and 2 technical note’s 
were excluded23,24. One study was excluded because it reported on a small case series.25 We 
excluded 4 articles because they reported on JAA and thoracoabdominal aortic aneurysm 
repair and data for JAA could not be retrieved.26-29 One study described only infrarenal 
aortic aneurysm repair and was excluded.30 Twenty-three studies described combined 
results of JAA and SAA repair or surgery for occlusive disease. From 19 studies specific 
data on mortality or new onset of dialysis after non-rupturedopen JAA repair could not 
be retrieved and were excluded31-49, resulting in 21 articles to be included in the systematic 
review.1-10,15,50-59 The chance adjusted inter-reviewer agreement for study eligibility 
(kappa) was 0.77. In 4 studies combined results of JAA, SAA and thoracoabdominal 
aortic aneurysms (TAA) were reported1,2,52,55, and three studies reported results of 
ruptured and non-ruptured JAA.9,15,51 Specific results for non-ruptured JAA could be 
retrieved from all 21 articles. In total 1256 patients were evaluated, with a median study 
size of 42 patients (range, 13 to 138 patients). Studies were published between 1986 
and 2008 and reported on patients receiving open JAA repair between 1963 and 2006. 
Twelve studies were performed in the United States, 6 studies in Europe, and 3 in Japan. 
No randomized trials were found. All of the studies reported on results form a single 
center. The assessment of study quality is presented in Table 2.1. Methodological quality 
varied considerably between included studies. Most studies (n=13) were retrospective, 
only 4 studies reported prospective data.6,50-52 Ten authors presented consecutive patient 
series.1,3,4,6,7,10,50,52,53,55 In 4 studies JAA were not specifically defined. 10,53,58,59 

Meta analysis. Extracted data from the included studies is presented in Table 2.2. 
Unweighted median aneurysms diameter was 6.1 cm (range, 5.8 to 6.8 cm). The median 
proportion of preoperative renal failure across studies was 16.7% (range, 0 to 52%). 
Median renal ischemia time was 27 min (range, 19 to 44 min). Between-study variance
was low for mortality after open JAA repair (.18 on logit scale, P=.44), and zero for 
new onset of dialysis (i.e. no indication of heterogeneity beyond chance). From 20 
studies perioperative mortality could be retrieved. Three studies defined mortality as 
in-hospital or within 30 days5,6,50, 3 studies presented in-hospital mortality7,54,57, and 8 
studies presented 30-day mortality.2-4,10,15,51,56,59 One study reported mortality <90 days1, 
while in 5 studies no definition for perioperative mortality was found.8,9,53,55,58 Figure 2.2 
represents the mortality rates in all studies after open JAA repair. The pooled estimate of 
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perioperative mortality rate for non-ruptured JAA repair was 2.9% (95% CI, 1.8% to 
4.6%). In 20 studies postoperative new onset of temporary or permanent hemodialysis 
was presented. The pooled estimate of the cumulative incidence of new onset dialysis was 
3.3% (95% CO, 2.4% to 4.5%) (Figure 2.3). In addition to new onset of dialysis, 18 
authors reported incidence of postoperative renal dysfunction (Table 2.3). However, from 
only 5 articles data according to the RIFLE classification could be derived. The RIFLE 
criteria for acute kidney injury (an acute increase of serum creatinine level >50% above 
baseline) was used by both Sarac et al.6 and Wahlgren et al.59 Two studies defined acute 
kidney injury as an acute rise in serum creatinine level >1 mg/dL, which we considered to 
correspond to the RIFLE classification for acute kidney injury.8,51 Yeung et al. didn’t find 
any patients with an acute rise in serum creatinine >40%.10 Incidence of postoperative 
acute kidney injury varied widely between the five studies and ranged 0 to 28% (median 
12.5%). Postoperative morbidity was poorly documented and ill defined. Therefore, no 
differentiation was made between major or minor morbidity. Morbidity rates could be 
derived from 7 studies.1,2,5,7,9,10,53 Median postoperative morbidity rate was 26% (range, 
0 to 36).

Preservation of renal function. Thirteen authors described the use of intravenous 
medication prior to suprarenal cross clamping to protect renal function. This was 
performed routinely1,4,6,7,51,52,54-56 or selectively.3,57-59 Administration of mannitol was used 
most often7,52,55,56,59, sometimes in combination with furosemide1,4 or dopamine.3,6,51,54,58 
Chiesa et al. used fenoldopam mesylate and methylprednisolone instead of mannitol and 
dopamine in some cases.51 Sasaki et al. used continuous dopamine infusion during renal 
ischemia time.57 In seven studies the use of cold renal perfusion is reported.1,4,6,10,51,52,55 
Both cold crystalloids1,10 and cold Ringer’s solutions4,51,55 were used. In some cases 
mannitol or other additives were used4,51,55. In most studies renal perfusion was performed 
only in selected patients with preoperative renal insufficiency or when prolonged renal 
ischemia was anticipated.1,4,6,51,52;55 Only Allen et al. reported the number of patients who 
received renal perfusion (n=8).1 Median incidence of new onset of dialysis for studies 
using selective renal perfusion was 5.7% (range, 3.2 to 6.2%), while postoperative renal 
dysfunction occurred in 22% to 28% of the patients. For studies that didn’t perform 
selective renal perfusion new onset of dialysis occurred in median 2.7% (range, 0 to 13%), 
and postoperative renal dysfunction was reported in 5% to 13% of the patients. In one 
study cold renal perfusion was performed routinely in all patients, with no postoperative 
renal dysfunction.10 None of the studies compared the effects of renal protective measures 
with a control group. Three authors examined the influence of preoperative renal failure 
on the incidence of postoperative renal dysfunction. Both Sarac et al and Shortell et al 
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reported that preoperative renal insufficiency is a significant risk factor for postoperative 
renal dysfunction.6,8 In contrast, Knott et al. found preoperative renal insufficiency not 
predictive of postoperative renal dysfunction.4

Operative technique. Open JAA repair can be performed using supravisceral (above 
the level of the superior mesenteric artery or celiac trunk: SVC) or suprarenal aortic 
cross clamping (above the renal arteries, but below the superior mesenteric artery: SRC). 
SVC was used in 15 out of 21 studies; in 5 studies SVC was used primarily.7- 9,15,58 Three 
authors analyzed influence of clamp placement on mortality and morbidity after JAA 
repair. Sarac et al. found that mortality after SVC was significantly higher compared to 
SRC (OR, 6.1; 95% CI, 1.1 to 32.9), and that SVC also was a risk factor for postoperative 
renal insufficiency (OR 3.3, 95% CI, 1.4 to 7.8), despite shorter clamping times.6 Both 
Shortell et al. and Knott et al. did not find SVC to be a statistically significant risk factor 
for mortality or postoperative renal dysfunction.4,8 From 18 studies a detailed description 
of the surgical approach could be derived. In all studies a transperitoneal approach was 
used for at least some of the patients. The use of a retroperitoneal approach was described 
in 12 studies. Three authors predominantly used a retroperitoneal approach. Only 
Bicknell et al. described the use of a thoracoabdominal approach in 4 patients.4,50 In a 
retrospective study Wahlgren et al. compared the retroperitoneal approach (n=20) with 
the transperitoneal approach (n=18).59 They reported that the transperitoneal approach 
was associated with significantly greater blood loss and longer suprarenal cross clamp 
times. Mortality and morbidity did not differ significantly, however.
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Figure 2.2. Forest plot showing postoperative mortality rate after open repair of non-ruptured 
juxtarenal aortic aneurysms. The squares and horizontal lines indicate point estimates and associated 
95% confidence intervals (95% CI) for each study. The diamond at the bottom designates the 
random-effects pooled median mortality rate with 95% CI.
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Figure 2.3. Forest plot showing postoperative incidence of new onset renal dialysis after open 
repair of non-ruptured juxtarenal aortic aneurysms. The squares and horizontal lines indicate point 
estimates and associated 95% confidence intervals (95% CI) for each study. The diamond at the 
bottom designates the random-effects pooled median incidence of new onset renal dialysis with 
95% CI.
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Table 2.3. Postoperative renal dysfunction.

Author Year Criteria for postoperative acute renal dysfunction
Postoperative renal 

dysfunction % 

Bicknell

Allen

Sarac 

Crawford
Sasaki
Wahlgren

Jean-Claude 
Giulini
Knott
Yeung
Shortell 
Chiesa
Schneider
Pearce

Nypaver
Kudo
Poulias
Taylor 
Ayari

2003

1993

2002

1986
2000
2007

1999
2000
2008
2008
2003
2006
1997
2007

1993
2004
1992
1993
2001

Serum creatinine level >1.7 mg/dL or a rise of serum creatinine level 
>0.67 mg/dL above baseline.

Serum creatinine level of >1.8 mg/dL or a rise of serum creatinine level 
>1.2x above baseline.  

Serum creatinine levels>1.8 mg/dL or a rise of serum creatinine level 
>1.5x above baseline. 

Serum creatinine level >2.0 mg/dL.
Serum creatinine level >2.0 mg/dL.
Serum creatinine level >2.0 mg/dL or a rise of serum creatinine level 

>1.5x above baseline.
Rise of serum creatinine level >0.5 mg/dL above baseline.
Rise of serum creatinine level >0.5 mg/dL above baseline.
Rise of serum creatinine level >0.5 mg/dL above baseline.
Rise of serum creatinine level >0.5 mg/dL above baseline.
Rise of serum creatinine level >1 mg/dL above baseline.
Rise of serum creatinine level >1 mg/dL above baseline.
Rise of serum creatinine level >1.2x above baseline.
Rise of serum creatinine level >1.2x above baseline and a serum creatinine level 

>1.5 mg/dL in a male and 1.3 mg/dL in a female.
Rise of serum creatinine level >1.5x above baseline.
Rise of serum creatinine level >1.5x above baseline.
No individual data on serum creatinine levels and/or no criteria for renal 

dysfunction

14

12a

28

16b

38
5

39
14
18
0
13
22
26
14

17a

33

a Combined data for juxtarenal and suprarenal aortic aneurysm repair.
b Combined data for non-ruptured and ruptured juxtarenal aortic aneurysm repair.
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DISCUSSION
Repair of juxtarenal aortic aneurysms, if compared to infrarenal aortic aneurysms, is 
characterized by more extensive mobilization of viscera to achieve adequate exposure of 
the abdominal aorta and by a period of renal ischemia, potentially increasing operative 
risk; especially the risk of postoperative renal dysfunction. Interestingly, the results of 
our systematic review indicate that open repair of nonruptured JAA can be performed 
with a mortality risk comparable to that of open infrarenal AAA repair. Postoperative 
deterioration of renal function is a common complication, however, frequently requiring 
(temporary) hemodialysis. Unfortunately, only a limited number of studies reported 
postoperative renal dysfunction according to the RIFLE criteria. Therefore, analysis 
was performed using incidence of new onset of hemodialysis, which underestimates the 
incidence of postoperative renal dysfunction. Despite these shortcomings, our results 
suggest that postoperative renal dysfunction is a common complication. Several authors 
reported the peroperative use of intravenous medication or renal perfusion to preserve 
renal function after JAA repair. The included studies suggest that cold renal perfusion in 
selective patients fails to prevent postoperative renal dysfunction, whereas routine cold 
renal perfusion appeared to be effective in preserving postoperative renal function. A 
comparative analysis of renal cooling, however, was not performed because heterogeneity 
of the included studies was low for mortality and new onset dialysis, while acute renal 
dysfunction was reported in 5 studies only. Therefore, the value of cold renal perfusion 
in preserving renal function after JAA repair remains unclear. Importantly, the benefits 
of cold renal perfusion in thoracoabdominal aortic aneurysm repair have been well 
established.60 There is discussion in the literature regarding optimal placement of the 
proximal aortic clamp and optimal operative approach. Advocators of supravisceral cross 
clamping state that it decreases the risk for distal embolization, because the supravisceral aorta 
is less likely to have significant atherosclerotic disease, while retraction and manipulation of large 
aneurysms is also avoided.7,58 Adversaries point out that SVC does induce visceral ischemia, increases 
the risk for visceral embolization and increases cardiac after load.58 Considering a transperitoneal 
versus a retroperitoneal approach to the juxtarenal aorta, the former has the advantage of giving 
better exposure of the right renal artery and is consequently better suited when renal perfusion is 
intended.1,55 A retroperitoneal approach of the aorta avoids abdominal adhesions and interference 
with the left renal vein and may be preferred in obese patients.55,58,59 Based upon the studies 
included in this systematic review, no definite conclusions can be drawn towards superiority of 
either technique. This systematic review is limited by the relative small number of studies included 
and the long time interval represented. During this long period improvements in operative and 
perioperative care have been made which are likely to have improved patient outcomes, although 
heterogeneity beyond what could be expected by chance alone was small. No randomized trials 
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were found and most studies were retrospective in design. A large number of studies reported 
combined results of SAA and JAA repair, and only from a minority of these studies specific results 
for JAA repair could be derived. Concluding from this review, open repair of JAA can be performed 
with an acceptable postoperative mortality rate. Nonetheless, postoperative kidney dysfunction 
was seen in 12.5% leading to new onset hemodialysis in 3.3% of patients. Further studies are 
required to elucidate optimal operative techniques and the value of specific protective measures 
such as renal cold perfusion.
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Chapter 2  |  Juxtarenal aortic aneurysm repair: A systematic review

ABSTRACT
Objectives. 
Surgical treatment of JAAs (juxtarenal aortic aneurysms) requires suprarenal 
aortic cross-clamping, causing temporary renal artery occlusion. To safeguard 
postoperative renal function, we implemented a standardized protocol of 
hypothermic renal perfusion for all elective JAA operations.
Design.
Retrospective study. 
Materials and Methods. 
In a period of 6 years, 23 consecutive patients received a saline bolus of 4°C (300 
mL) and subsequent perfusion at ±20 mL/minute in each kidney during suprarenal 
aortic clamping. End points were rise in serum creatinine level, new onset of 
dialysis and mortality. 
Results.
None of the patients suffered from postoperative acute renal failure and in-hospital 
mortality was zero. Five patients did not show any rise in serum creatinine level, 
whereas in the others rises were <25% in comparison with the admission level, 
except for one patient (38%). Postoperative rise in serum creatinine level was 
not related to renal ischemia time (Spearman rank correlation = 0.24, p = 0.27), 
preoperative renal function, total aortic clamping time or renal re-implantation. 
Patient records at 6 months showed no renal complications. 
Conclusions.
Our results suggest that a standardized strategy to apply renal hypothermia during 
the ischemic period of elective JAA surgery may prevent postoperative renal failure. 
This holds even in patients with preoperative renal insufficiency or renal ischemia 
times >50 minutes.

Keywords: Aortic surgery; Suprarenal aortic clamping; Renal hypothermia; 
Acute renal failure.
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INTRODUCTION
Juxtarenal aortic aneurysms (JAAs) account for approximately 15% of all abdominal 
aortic aneurysms.1 Surgical treatment of JAAs requires suprarenal aortic cross-clamping, 
causing temporary renal artery occlusion. The literature reports frequent azotemia as well 
as postoperative new onset of dialysis between 0-13% and mortality between 0-18%.2-5 
The risk for postoperative renal failure increases at longer duration of suprarenal clamp-
ing, especially when the ischemic period exceeds 50 minutes.6 Another risk factor might 
be an already existing preoperative renal insufficiency. 

Cold preservation of the renal function may help to improve surgical outcome of suprar-
enal aortic clamping, especially in case one or two of the above mentioned risk factors are 
present.7-10 However, renal ischemia time can be difficult to predict beforehand. There-
fore, it might be advantageous to implement routine, standardized hypothermic renal 
perfusion for all juxtarenal aneurysm repairs performed. The purpose of this study was to 
apply routine renal preservation for all elective JAA surgery, and to examine postoperative 
renal function.  
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MATERIALS AND METHODS
Between January 2000 and January 2006, a total of 258 elective abdominal aortic aneu-
rysm repairs (AAA) were performed, of which 23 consecutive patients underwent elective 
JAA repair with aortic clamping just above the renal arteries. The latter all received rou-
tine continuous renal hypothermic perfusion during the entire period of renal ischemia, 
and were included in the present study. Excluded from this study were type IV thoraco-
abdominal aneurysms and ruptured aneurysms. 

The mean age of the 5 women and 18 men was 70 ± 11 years. Eight patients (35%) 
presented with back pain or abdominal pain, fifteen patients (65%) were asymptomatic 
(Table 3.1). The mean diameter of the aneurysms was 6.7 ± 1.3 cm. One woman had a 
symptomatic AAA of 4.5 cm diameter. A smoking history was common (74%). Fifty-sev-
en percent of the patients had undergone prior abdominal surgery and two of them had 
undergone previous aortic grafting. Preoperative workup included: cardiac assessment, 
abdominal echography and aortography or CT scanning to determine size and extent of 
the aneurysm. Two patients had multiple renal arteries.

Mean preoperative serum creatinine was 1.66 ± 1.00 mg/dL (146.74 μmol/L). Preopera-
tive serum creatinine levels equal or more than 1.25 mg/dL (110.5 μmol/L), which is 
considered as limit value, was defined as preoperative impaired renal function. Twelve 
patients (52%) had preoperative renal insufficiency (Table 3.1). In four of the latter the 
preoperative serum creatinine level was more than 1.8 mg/dL (159.1 μmol/L), while in 
two of them it even exceeded 3.0 mg/dL (265.2 μmol/L), of which one required chronic 
hemodialysis preoperatively. In four patients one of the kidneys was found to be atrophic: 
two of them had preoperative creatinine ≥ 1.25 mg/dL, but < 1.80 mg/dL.
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Table 3.1. Characteristics of 23 patients who underwent elective surgery for juxtarenal abdominal 
aortic aneurysm during a six years period in our hospital.

  n* %

   Gender

      Male/Female 18/5 78/22

   Age 

      Mean 70

      Range 39-83

   Associated disease

      Chronic Obstructive Pulmonary Disease 4 17

      Coronary heart disease 5 22

      Hypertension 13 57

      Diabetes Mellitus 1 4

      Hypercholesterolaemia 10 43

      Smoking 17 74

   Previous surgery

      Abdominal surgery 13 57

      Aortic stentgrafting 2 9

Preoperative serum creatinine level (mg/dL)*

      <1.25 11 48

      1.25 – 1.80 8 35

       >1.80     4   17

*n = number of patients; mg = milligram; dL = deciliter; 
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Surgical technique
All patients received Sufentanil and Bupivacaïne epidurally, general anaesthesia with Iso-
fluran (0.9%) and a standard transperitoneal approach. Before placing the aortic cross-
clamp 5000 units of heparin were administered intravenously. The upper aortic clamp 
was placed proximal to both renal arteries (n=16) or proximal to only the left (n=3) or 
right renal artery (n=2). Perfusion of the kidneys with cold NaCl solution was then start-
ed and continued for the duration of the renal ischemia (see below). After completion of 
the proximal anastomosis, the suprarenal aortic clamp was replaced on the aortic graft in 
order to restore blood flow to the kidneys. Renal blood flow was examined intraopera-
tively using Doppler in order to confirm restoration of renal blood flow. Twelve patients 
received an aortic tube graft and eleven a bifurcated aortoiliac graft. Reimplantation of 
the renal arteries was performed in four patients. In one patient an endarterectomy of the 
renal artery was performed.

Cold perfusion of the kidneys was applied in all patients during the whole period of renal 
ischemia. One litre of 0.9% NaCl solution with an initial temperature of 4º was placed 
one meter above each kidney. In the orifices of the renal arteries 9 French balloon-tipped 
Pruitt irrigation catheters (LeMaitre Vascular Inc, Burlington USA) were inserted from 
within the opened aneurysm (see Figure 3.1). First, a 300 mL bolus of this solution was 
quickly infused to instantly induce renal hypothermia. Then renal perfusion was contin-
ued at a rate of ±20 mL/minute. Measurement of the temperature of this solution at the 
point of entrance into a kidney revealed a rise from 4ºC in the beginning to 15.6 ºC at 
the end of the perfusion. The catheters in the renal arteries were removed after comple-
tion of the proximal aortic anastomosis. 
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Figure 3.1. Insertion of the 9F Balloon-tipped Pruitt irrigation catheters (LeMaitre Vascular Inc, 
Burlington USA) from the opened juxtarenal aneurysm in the renal orifices to provide renal 
hypothermia with cold NaCl-solution during aortic graft placement.

Statistical analysis.
Statistical programme SPSS 14.0 was used for analysis of data. To avoid possible viola-
tions of the assumptions for parametric testing, we employed the non-parametric Spear-
man rank correlation, Mann- Whitney U and Kruskal Wallis H to perform univariate 
statistical comparisons of preoperative and postoperative serum creatinine concentrations 
as well as duration of intraoperative renal ischemia times. Data are expressed as median, 
or mean ±SD (standard deviation), and all tests were performed at a significance level of 
0.05.
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RESULTS
None of the patients suffered from postoperative acute renal failure and in-hospital mor-
tality with a follow-up of 30 days was zero. The duration of renal ischemia ranged from 
25 to 60 minutes, with a mean of 37.2 ± 11.7 minutes. In 4 patients renal ischemic time 
exceeded 50 minutes (Figure 3.2). Mean total operation time was 215.2 ± 56.7 minutes, 
with a mean total aortic clamping time of 58.4 ± 24.4 minutes. Patients were divided in 
three groups based on their preoperative serum creatinine level: group one had normal 
preoperative renal function (<1.25 mg/dL), group 2 had preoperative impaired renal 
function (1.25-1.80 mg/dL) and group 3 had preoperative renal insufficiency (>1.80 mg/
dL).  None of the patients in the three groups showed a rise in serum creatinine exceeding 
0.50 mg/dL (44.2 μmol/L) above the admission level, defined as transient azotemia.10,11 
None of the patients reached a serum creatinine level greater than 25% in comparison 
with the admission level except for one (38%). Five patients did not show any rise in se-
rum creatinine level (Figure 3.2; note that the two patients with the highest preoperative 
levels (solid ellipsoids) had no deterioration of renal function). Renal artery reimplanta-
tion (n=4, ischemia time: 30-45 min) had no clear influence on rise in serum creatinine 
level (mean: 0.21 ± 0.19 mg/dL).

Postoperative rise in serum creatinine level was not related to renal ischemia time (Spear-
man rank correlation = 0.24, p = 0.27; Figure 3.2), total aortic clamping time, presenta-
tion with symptomatic AAA, tube or aortoiliac grafts, clamping above two renal arteries 
or one renal artery, one functioning kidney or two functioning kidneys, surgery with re-
nal implantation or without renal implantation, preoperative renal function (Table 3.2), 
respectively.  The highest rise in serum creatinine level occurred on average at postopera-
tive day 3 ± 0.8. In most of the patients (56%) the postoperative serum creatinine level 
had returned to baseline the day following that of the highest rise. In all three groups the 
serum creatinine levels on dismissal from the hospital were equal to or somewhat lower 
than preoperatively (Figure 3.3). The mean hospital stay was 12 ± 5 days. Patient records 
at 6 months showed no renal complications.

The occurrence of larger renal atheroembolism was unlikely based on total restoration 
of renal blood flow as assessed intraoperatively by ultrasound Doppler. Non-renal post-
operative complications were observed in 7 patients (26%), including respiratory failure 
(n=3), cardiac failure (n=1) and haemorrhage (n=3). During relaparotomy blood from 
the splenic hilus, an ulcus duodeni, and diffuse retroperitoneal haemorrhage were found. 
Average blood loss was 2237 ± 1608 mL. A temporary drop of body core temperature of 
mean 0.5 ± 0.3ºC during cooling of the kidneys was observed.
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Table 3.2. Renal ischemia time and the highest rise of serum creatinine in the three groups based 
on the preoperative serum creatinine level. 

Figure 3.2. Renal ischemia time (x-axis) versus highest rise in serum creatinine level (y-axis). Three 
groups were made based on the preoperative serum creatinine level: cirkels = <1.25 mg/dL (n=11); 
squares = 1.25-180 mg/dL (n=8) and ellipsoids = >1.8 mg/dL (n=4), with the two solid ellipsoids 
>3.0 mg/dL.

 

 Preoperative serum creatinine level (mg/dL)*

<1.25 1.25-1.80 >1.80 P value

(n=11) (n=8) (n=4)

Mean renal ischemic time (minutes) 40.0 ± 13.5 30.0 ± 11.3 35.0 ± 6.3 p = 0.50

Mean rise in serum creatinine (mg/dL) 0.14 ± 0.14 0.15 ± 0.15 0.16 ± 0.15 p = 0.94

* mg = milligram; dL = deciliter; n = number of patients
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Figure 3.3. Serum creatinine levels preoperatively (grey), at their peak postoperatively (black) and 
at the last day in hospital (white). Three groups were made based on the preoperative creatinine 
level: <1.25 mg/dL (n=11), 1.25-1.80 mg/dL (n=8) and >1.8 mg/dL (n=4). Presented are the 
medians.
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DISCUSSION
The present single-center study suggests that continuous hypothermic perfusion of the 
kidneys after an initial cold bolus may prevent deterioration of renal function after isch-
emia and reperfusion during elective repair of juxtarenal aortic aneurysm. This also holds 
for patients with increased preoperative levels of serum creatinine and/or duration of renal 
ischemia between 50-60 minutes. However, a limitation of this study is the absence of a 
comparative group due to an ethical constraint in our hospital, which prescribed routine 
renal cooling for all elective JAA repairs. 

Rates of mortality and renal morbidity are the main issues concerning the safety and fea-
sibility of juxtarenal and suprarenal aortic aneurysm surgery.12 Series in the literature since 
1986 report a mortality rate between 0% and 18%. Although the criteria for transient 
azotemia differ between studies, they reported an occurrence in 14 - 50% of the patients, 
while a new onset of dialysis was seen in 0 - 13%.2-24 In our study none of the patients 
died within 30 days, no dialysis was required postoperatively, and the highest rise in serum 
creatinine level did not exceed the critical value of 0.50 mg/dL. Renal insufficiency is 
one of the more feared complications, because the mortality of acute renal failure ranges 
between 25% in series of abdominal and 50% in series of thoracoabdominal aneurysms.25 
Postoperative renal insufficiency is usually secondary to acute tubular necrosis, while athe-
roemboli due to the suprarenal aortic clamping may be another cause.14 

Several studies have shown that the risk for postoperative renal failure after suprarenal 
aortic cross clamping for elective abdominal aortic aneurysm repair is low in case of renal 
ischemia times below 20 minutes, but that it increases 10 times if the clamping time lasts 
more than 50 minutes. However, the critical renal ischemic time remains controversial.3,6,11 
Longer ischemia times, even up to 100 minutes, do occur and aren’t always predictable.6,9  
In our series, the renal ischemia time exceeded 50 minutes in four patients.  None of 
these patients showed a significant rise in serum creatinine postoperatively or developed 
transient renal failure or dialysis in the postoperative course. However, this should still be 
interpreted with care, since patients from other studies cannot be seen as control group 
for our study.

One of the major determinants of postoperative renal failure is a preoperatively present 
renal insufficiency. In our series, preoperative renal insufficiency was according to our hos-
pital standards present in twelve patients (52%). Also in these patients we observed no sig-
nificant rise in serum creatinine level postoperatively, which seems to corroborate the effi-
cacy of our cooling strategy to prevent the occurrence of renal dysfunction postoperatively.
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Peroperative measures to preserve renal function are still a matter of debate during juxta-
renal aortic aneurysm repair. Critics of preservation techniques state that renal perfusion 
does not protect against renal ischemic damage and that total ischemia times are elongat-
ed by these extra proceedings, thereby increasing the risk of harming postoperative renal 
function.26 The continuous cooled perfusion technique as described in this article is swift 
and doesn’t intervene with the creation of the juxtarenal aortic anastomosis. Another 
critique is that dissection of the renal arteries could occur during insertion of the balloon-
tipped Pruitt irrigation catheters. However, in all of our patients, restoration of renal 
artery blood flow was confirmed with intraoperative Doppler examination. Although 
in our series the use of renal hypothermia resulted in a drop of body core temperature 
of mean 0.5 ± 0.3ºC, this was not associated with complications and seemed to be well 
tolerated, as has also been reported.27 

Experimental studies have demonstrated that renal hypothermia preserves renal function 
by reducing its oxygen consumption. Renal oxygen consumption is reduced to 40% 
when the renal parenchyma is cooled to 30 ºC,  to 15% at 20 ºC, and to less than 5% at 
10 ºC.28-32 More recent studies have, on the other hand, concentrated on additives to the 
perfusion solution of the kidney or agents (e.g. PGE, L-arginine) to protect the kidney 
from ischemia/reperfusion injury, rather than on cooling.33-36 Also in kidney transplanta-
tion surgery additives are being examined to improve cold preservation of the kidney.37,38 
In humans, organ perfusion for preservation is more often used and studied during tho-
racoabdominal aortic aneurysm repair (ThAAA).39-44Köksoy et al. have indicated that 
selective cold crystalloid perfusion offers superior renal protection when compared with 
normothermic blood during extensive thoracoabdominal aortic aneurysm (ThAAA) re-
pair.45 Also research has been done about addition of PGE1 to the perfusion fluid of the 
kidney during ThAAA surgery. PGE1 did not add beneficial effects over 4° C Ringer’s 
lactate plus 1000 IU of heparin/l alone.46 Quantity of bolus infusion, flow rate, composi-
tion and temperature of the perfusate were all chosen arbitrarily in this study and need 
further research. 

At present endovascular treatment for aortic aneurysms is becoming more and more 
widespread and versatile.47 However, the neck of a juxtarenal aneurysm is often too short 
for stable hemostatic stent-graft implantation. Fenestrations in the stent-graft permit 
implantation at a more favorable level by providing a route for flow to the renal arteries, 
although suprarenal fixation could have effect on the renal function.48 Several studies 
have examined postoperative renal function after endovascular aneurysm repair.49 Alsac et 
al. have found a decline in renal function over time after endovascular aortic repair. This 

new chapter 3.indd   58 12-12-12   11:35



59

Routine continuous cold perfusion of the kidneys during elective juxtarenal aortic aneurysm repair  |  Chapter 3

3

is probably due to multiple factors and not the suprarenal fixation.50 In most cases, juxta 
and suprarenal aneurysms still require open surgery, while future endovascular branch 
graft repairs ultimately must be compared with the gold standard of open repair. The 
same holds for early and late re-interventions following failure of endovascular treatment 
that requires suprarenal clamping. In these cases application of a strategy for inducing 
renal hypothermia during the ischemic period might be beneficial. 

In conclusion, a standardized strategy to routinely apply renal hypothermia during the 
ischemic period of elective JAA surgery may protect renal function, even in patients with 
preoperative renal failure.
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Chapter 2  |  Juxtarenal aortic aneurysm repair: A systematic review

ABSTRACT
Objectives.
Little is known about the outcome of ruptured juxtarenal aortic aneurysm (RJAA) 
repair.  Surgical treatment of RJAAs requires suprarenal aortic cross-clamping, 
which causes additional renal ischemia-reperfusion injury on top of the pre-
existing hypovolemic shock syndrome. As endovascular alternatives rarely exist in 
this situation, open repair continues to be the gold standard. We analyzed our 
results of open RJAA repair during an eleven year period. 
Design.
Retrospective observational study.
Materials and methods.
Between July 1997 and December 2008 all consecutive patients with RJAAs were 
included in the study. Part of these patients received cold perfusion of the kidneys 
during suprarenal aortic cross-clamping. Perioperative variables, morbidity and 30-
day or in-hospital mortality were assessed. Renal insufficiency was defined as an 
acute rise of ≥ 0.5 mg/dL in serum creatinine level. Multiple organ failure (MOF) 
was scored using the sequential organ failure assessment score (SOFA-score). 
Results.
A total of 29 consecutive patients with a RJAA, confirmed by CT-scanning, 
presented to our hospital. In 8 patients the operation was aborted before the start 
of aortic repair, because no blood pressure could be regained in spite of maximal 
resuscitation measures.  They were excluded from further analysis. Of the remaining 
21 patients, 10 died during hospital stay. Renal insufficiency occurred in 11/21 
of the patients. Eleven out of 21 patients developed MOF postoperatively. In a 
subgroup of patients who received renal cooling during suprarenal aortic clamping 
the 30-day or in-hospital mortality was 2/10 versus 8/11 in patients who did not 
receive renal cooling (p = 0.03); renal insufficiency occurred in one out of 10 
patients in the subgroup with renal cooling versus 10 out of 11 without renal 
cooling (p < 0.001) and MOF in 2/10 versus 9/11, respectively (p = 0.009). 
Conclusions.
Open surgical repair of RJAA is still associated with high mortality and morbidity. 
To our knowledge, this is the first report of cold perfusion of the kidneys during 
repair of RJAA.  Although numbers are small, a beneficial effect of renal cooling 
on the outcome of RJAA repair is suggested, warranting further research with this 
technique.

Keywords: Ruptured juxtarenal aortic aneurysm; renal failure; cold perfusion; 
mortality.
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INTRODUCTION
Juxtarenal aortic aneurysms (JAAs) are characterized by the absence of normal aorta 
between the upper extent of the abdominal aneurysm and the renal arteries requiring 
suprarenal aortic cross-clamping for repair1. In the last decade elective open JAA repair 
has been the topic of many studies2-4. However, not much is known about the outcome 
of ruptured JAAs (RJAAs). Mortality rate after ruptured abdominal aortic aneurysm 
repair has not changed over the past 15 years5. RJAAs are too complex for emergency 
endovascular repair and therefore still require open surgery with suprarenal aortic cross-
clamping, which causes additional renal ischemia-reperfusion injury on top of the 
pre-existing hypovolemic shock syndrome6,7. Patients who subsequently develop renal 
failure have a particularly poor outlook, often involving a prolonged and ultimately 
unsuccessful stay on the intensive care unit. Acute renal failure in itself has a mortality 
of more than 50% and is even higher in critically ill patients who have multiple organ 
failure (MOF)8,9,10. To preserve the kidney function, we have applied renal hypothermia 
routinely in elective settings of JAA repair11. Literature reports about the mortality and 
morbidity of RJAA repair are scarce, with the largest study reporting a mortality rate 
of 81%10. The objective of this study was to review an eleven years period of experience 
with open RJAA repair, in which part of the patients received cold renal perfusion during 
suprarenal aortic cross-clamping, and to evaluate renal function, MOF and mortality. 
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MATERIALS AND METHODS
All RJAAs registered in our hospital between July 1997 and December 2008 were 
analyzed. Data were collected retrospectively through electronic and manual chart reviews 
of all patients. The aneurysm was defined as juxtarenal if it extended up to the renal 
arteries and repair required aortic cross-clamping just above the renal arteries, which was 
based on preoperative radiographic findings and confirmed intraoperatively. Aneurysms 
that required supra-superior mesenteric artery or supraceliac aortic repair were excluded. 
Rupture was confirmed intraoperatively. 
Preoperative variables. Preoperative hemodynamic instability was defined as systemic 
arterial blood pressure < 80 mmHg with lowered consciousness and tachycardia. Chronic 
obstructive pulmonary disease (COPD) was identified based on previous pulmonary 
function studies or the need of inhaler or steroid treatment. Ischemic heart disease 
was detected by a history of previous myocardial infarction or coronary artery bypass.  
Preoperative renal insufficiency was defined as serum creatinine values > 1.5 mg/dL. 
Diabetes, hypertension, claudication and hypercholesterolaemia were identified in 
patients undergoing active medical and/or dietary treatment. Previous aortic surgery 
includes a history of any repair of the aorta. 
Operative conditions and reconstructive techniques. All patients received 20% 
Mannitol at the start of RJAA repair. Oesophageal temperature was used to measure body 
temperature which was actively maintained according to general anaesthesia protocols. 
The surgical approach was transabdominal or retroperitoneal. After identification of the 
haematoma and mobilization and lateral retraction of the duodenum, the left renal vein 
was identified and mobilized. After exposure of the aortic neck an aortic cross-clamp 
was placed proximal to both renal arteries. In case of hemodynamic collapse or cardiac 
arrest prior to control of the aortic neck, a Foley balloon catheter was advanced via the 
pressure-less aneurysmal sac blindly into the thoracic aorta and inflated. If at that time, 
with maximal resuscitative measures, no blood pressure could be regained, the operation 
was aborted. If the patient recovered, the aortic neck was exposed and, following removal 
of the occlusion balloon catheter, an aortic-cross clamp was placed just above the renal 
arteries and the aneurysm was opened. The choice to use renal cooling was determined 
by preference of the surgeon on duty, the availability of appropriate perfusion catheters 
and anatomic suitability depending on the orifices of the renal arteries. Cold perfusion 
of the kidneys was applied during the whole period of renal ischemia. A simple 0.9% 
NaCl solution without any additives, readily at hand, was chosen to keep this emergency 
procedure simple. One liter of 0.9% NaCl solution with an initial temperature of 
4º was placed one meter above each kidney. In the orifices of the renal arteries 9 or 
6 French balloon-tipped Pruitt irrigation catheters (LeMaitre Vascular Inc, Burlington 
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USA) were inserted from within the opened aneurysm. First, a 300 mL bolus of this 
solution was rapidly infused in each kidney to instantly induce renal hypothermia. Then 
renal perfusion was continued at a (slowly dripping) rate of ±20 mL/minute. Earlier 
measurements of the temperature of this solution at the point of entrance into the kidney 
revealed a rise from 4ºC at initiation to 15 ºC at the end of perfusion11. Separate, end-
to-side reimplantation into the graft of one or both renal arteries was performed if the 
aneurysm included the renal artery orifices. In case of renal cooling a Pruitt irrigation 
catheter was then placed into the (buttoned) orifice of the renal artery, to be removed 
just before completion of the anastomosis. After near completion of the proximal aortic 
anastomosis, both cooling catheters were removed and renal perfusion was restored by 
replacing the clamp onto the aortic graft. Operative times (in minutes) and blood losses 
during the operation were recorded.
Morbidity and mortality. Mortality was monitored during hospital stay and 30 days 
after. Renal insufficiency was defined according to the RIFLE-criteria (Risk Injury 
Failure Loss End stage renal disease – criteria) as an acute rise of serum creatinine > 0.5 
mg/dL12,13. The need for temporary or permanent dialysis was recorded. To define MOF 
(i.e. failure of two or more systems) the sequential organ failure assessment (SOFA) score 
was used14,15,16. Organ failure was defined as a SOFA-score of 3 or 4 (0 = no failure, 1 - 2 
= mild dysfunction, 3 – 4 = severe dysfunction). 

Statistical analysis. 
Data are expressed as mean ± standard deviation (SD), or as median and range in case of 
a too skewed distribution. Statistical programme SPSS 15.0 was used for analysis of data. 
Categorical variables are summarized with frequencies and analyzed with Fischer’s Exact 
test. To avoid possible violations of the assumptions for parametric testing, we employed 
non-parametric methods such as Spearman rank correlation and Mann-Whitney U test. 
All tests were performed two-sided, and p smaller than 0.05 was considered as statistically 
significant. 
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RESULTS
Of the 29 consecutive patients undergoing RJAA repair, in 8 patients the abdomen was 
opened and the aorta controlled, however, no blood pressure could be regained in spite 
of maximal resuscitation measures. Because their operation was aborted before the start 
of aortic repair, they were excluded from further analysis (all males, 66 - 83 years). In 
the other 21 patients, 15 males and 6 females, with a mean age of 75 ± 6 years, 12 
were hemodynamically unstable upon admission (Table 4.1). The mean diameter of 
the aneurysm was 7.9 ± 1.7 cm. Body temperature on presentation in the operating 
room was 35.1± 1.1 ºC and did not effect the decision to initiate renal cooling. Median 
preoperative serum creatinine level was 1.47 mg/dL (range 0.96 – 3.44 mg/dL). Nine 
patients had preoperative renal insufficiency as defined above. Comorbidities and 
previous operations are listed in Table 4.1. Of the total group of 21 patients undergoing 
RJAA repair, 10 patients received cold perfusion of the kidneys during suprarenal aortic 
cross-clamping. The characteristics of the patients divided in two subgroups with and 
without renal cooling are also described in Table 4.1.

Operative details. In the 21 remaining patients, the surgical approach was transabdominal 
in 18 patients and retroperitoneal in 3 patients. Tube grafts were used in 15 and bifurcated 
grafts in 6 patients. In one patient who lost blood pressure upon opening the abdominal 
cavity, adequate circulation and suprarenal aortic control were obtained using a short 
period of thoracic aortic balloon occlusion as described above (Table 4.2). In 3 patients 
who received renal cooling reimplantation of the left renal artery was necessary. In one 
of the latter also thrombectomy of the left leg was performed (Table 4.2; year 2007). 
The placement of cooling catheters was attempted but failed in 2 patients because the 
orifices of the renal arteries were too small for placement of 9 French Pruitt catheters 
and 6 French catheters were not available (Table 4.2; year 2006 and 2007). Table 4.2 
also shows that all surgeons performed renal cooling. The surgeon, who repaired most 
RJAAs, applied renal cooling in half of his cases. Suprarenal aortic cross-clamping time 
and total aortic clamping time in all patients were 38 ± 16 minutes and 77 ± 41 minutes, 
respectively (Table 4.3). The total operation time in all patients was 185 ± 49 minutes. 
Average estimated blood loss during operation for the total group was 2398 ± 1092 mL. 
Body temperature at the end of the operation was 34.5 ± 0.5 ºC with a median decline 
in the subgroup with renal cooling of 0.7 ºC versus 0.2 ºC without renal cooling (p = 
0.12; Table 4.3).
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Table 4.1. Baseline characteristics in the overall group of patients and divided in two subgroups of 
patients with and without renal cooling.

 

Total group of 
patients

(N = 21)

Subgroup 
patients 
WITH

renal cooling

(N = 10)

Subgroup 
patients 

WITHOUT
renal cooling

(N = 11)

Age (years) 75 ± 6 74 ± 8 76 ± 4

Diameter of aneurysm (mean±SD) 7.8 ± 1.7 8.0 ±1.7 7.9 ±1.7

Body temperature on presentation at operation room (ºC) 35.1± 0.9   35.3 ± 0.9 34.9 ± 0.9

  N N N

Male/Female 15/6 8/2 7/4

Shock or hemodynamic instability upon admission 12 5 7

Associated disease  

COPD 7 3 4

Coronary heart disease 12 5 7

Hypertension 7 4 3

Diabetes Mellitus 0 0 0

Claudication 5 2 3

Hypercholesterolaemia 4 2 2

Smoking 9 5 4

Preoperative renal insufficiency 9 4 5

Previous surgery  

Abdominal surgery 12 7 5

Aortic stentgrafting 1 1 0

COPD = Chronic obstructive pulmonary disease; N = number; Values presented are mean ± standard deviation.
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Table 4.2. Operative details of the 21 patients undergoing RJAA repair.

Year of RJAA-repair Surgeon
Renal 

cooling
30-day 
survival 

Hemodynamic 
status Additional operative details

1997 D yes yes stable -

1998 C no no unstable Temporary Foley balloon catheter. 

2000 C no no unstable -

2001 D no no unstable -

2002 D no no stable -

2003 B yes yes stable -

2004 C yes yes stable -

2005 C yes yes unstable -

2005 C yes yes unstable Reimplantation of left renal artery.

2005 B yes no unstable Previous thoracic aortic stentgraft.

2005 C no yes stable -

2006 C yes yes unstable -

2006 C no no unstable -

2006 C no no unstable 9 F Pruitt catheter could not be applied.

2006 A no no stable -

2007 C yes yes unstable Reimplantation of left renal artery. 

2007 A no yes unstable -

2007 D no no stable 9 F Pruitt catheter could not be applied.

2008 A yes no unstable Reimplantation of left renal artery. 

2008 C yes yes stable -

2008 C no no unstable -

F= French. 
Surgeons as shown are anonymous. 
In one patient, blood pressure was regained within minutes following supraceliac in� ation of a Foley balloon catheter, which was 
subsequently removed when suprarenal control was achieved.
In three patients receiving renal cooling, reimplantation of the left renal artery was necessary, because the aneurysm included the ori� ce 
of these renal arteries. 
� e placement of cooling catheters was attempted but failed in two patients because the ori� ces of the renal arteries were too small for 
placement of 9 F Pruitt catheters, and 6 F catheters were not available at that time. � e thoracic aortic stent graft did not interfere with 
the RJAA repair.
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Table 4.3. Operative details and length of stay in the intensive care unit in the total group of 
patients and divided in two subgroups of patients with and without renal cooling.

  Total group of 
patients
(N = 21)

Subgroup patients 
WITH

renal cooling
(N = 10)

Subgroup patients 
WITHOUT 
renal cooling

(N = 11) p-value

Suprarenal aortic-cross clamp time (min) 38 ± 16 34 ± 15 41 ± 17 0.30

Total aortic clamp time (min) 77 ± 41 67 ± 27 86 ± 50 0.36

Total operation time (min) 185 ± 49 185 ± 52 186 ± 49 0.94

Total blood loss during RJAA-repair (mL) 2398 ± 1092 2388 ± 887 2412 ± 1414 0.66

Body temperature at the end of operation (ºC) 34.5 ± 0.5 34.6 ± 0.6 34.4 ± 0.4 0.86

Length of stay on intensive care (days) 4 (1 - 50) 2 (1 - 48) 8 (2 - 50) 0.04

Min =  minutes; N = number; RJAA = ruptured juxtarenal aortic aneurysm.
Values presented are mean ± standard deviation or median with range and the P values.

Morbidity and mortality. The thirty-day or in-hospital mortality rate was 48% (10 
out of 21) for all patients undergoing RJAA repair. In the subgroup of patients who 
received renal cooling 2 out of 10 patients died versus 8 out of 11 without cooling (p 
= 0.03; Figure 4.1) Mortality was not significant related to age, gender, operation time, 
surgeon, changes in body temperature, (suprarenal) aortic cross-clamping time or type 
of graft. Of the 21 patients 11 developed renal insufficiency postoperatively, of which 
one patient had received renal cooling (Figure 4.2; p<0.001). Six patients of which none 
received renal cooling required continuous veno-venous hemodialysis postoperatively; 
they all died (Figure 4.2). The maximum rise in creatinine level from baseline in the 
overall patient group was 0.51 mg/dL (range: -0.08 – 4.06); in the subgroup of patients 
with renal cooling the rise was 0.23 mg/dL (-0.08 – 0.61) versus 0.93 mg/dL without 
renal cooling (-0.02 - 4.06; p = 0.002). This rise occurred on average on the third (± 
2) postoperative day and did not correlate with suprarenal aortic cross-clamping time 
(Figure 4.3; Rs = 0.34, p = 0.14) or with the preoperative serum creatinine level (Rs 
= -0.21, p = 0.36). Postoperative MOF was seen in 11 out of 21 patients, of which 2 
patients had received renal cooling and 9 did not (Table 4.4; p = 0.009). Eight patients 
died due to MOF, of which none had received renal cooling (Figure 4.4). The median 
stay on the intensive care unit for all patients was 4 days (range 1 – 50) and in the patients 
with renal cooling 2 days (range: 1 – 48; Table 4.3).
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Figure 4.2. Postoperative renal insufficiency and postoperative mortality (A) in the overall patient 
group, (B) in patients with renal cooling, and (C) in patients without renal cooling. Light shaded 
bars represent the patients who survived, and the dark shaded bars represent the patients who died 
postoperatively.

Figure 4.1. Preoperative hemodynamic instability and postoperative mortality (A) in the overall 
patient group, (B) in patients with renal cooling, and (C) in patients without renal cooling. Light 
shaded bars represent the patients who survivied, and the dark shaded bars represent those who 
died postoperatively.
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Table 4.4. Postoperative complications and MOF with their number of occurrence in the overall 
group of patients and in the subgroups with and without renal cooling.

 
Total group of patients

(N = 21)

Subgroup patients 
WITH 

renal cooling
(N = 10)

Subgroup patients 
WITHOUT 
renal cooling

(N = 11) p-value

MOF (N) 11 2 9 0.009

   2 organs 5 2 3

   3 organs 2 0 2

   > 4 organs 4 0 4  

SOFA-score parameters

Respiration

       PaO2/FiO2 (mmHg) 143 (51 - 404) 157 (68 - 404) 142 (51 - 258) 0.82

Coagulation

       Platelets (x 103/mm3) 55 (10 - 404) 79 (24 - 106,401) 34 (10 - 79) 0.02

Liver

       Bilirubin (mg/dL) 1.6 (0.7 - 12.8) 1.2 (0.7 - 2.7) 2.3 (0.9 - 5.3,12.8) 0.06

Cardiovascular

       Hypotension (SOFA-score: 1-4) 1 (1 - 4) 1 (1 - 2) 2 (1 - 4 ) 0.16

Central Nervous System

       Coma (SOFA-score: 1-4) 1 (1 - 4) 1 (1 - 2) 2 (1 - 4) 0.16

Renal

       Highest creatinine level (mg/dL) 1.99 (1.00 - 5.05) 1.74 (1.00 - 2.45) 2.70 (1.83 - 5.05) 0.002

FiO2  = Fraction of inhaled O2; MOF = multiple organ failure; N = number; PaO2 = systemic arterial partial O2-pressure; 
SOFA =  sequential organ failure assessment. 
� e SOFA score parameters were used to de� ne MOF.
Presented are median with range and the P values.
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Figure 4.4. Postoperative multiple organ failure and postoperative mortality (A) in the overall 
patient group, (B) in patients with renal cooling, and (C) in patients without renal cooling. Light 
shaded bars represent the patients who survived, and the dark shaded bars represent the patients 
who died postoperatively.

Figure 4.3. Suprarenal aortic cross-clamp time (minutes) and postoperative rise in serum creatinine 
level. The dark filled symbols are the patients with renal cooling. Dashed line indicates a rise of 0.5 
mg/dL, above which postoperative renal insufficiency was considered to be present.
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DISCUSSION
The present study shows that RJAA repair continues to be associated with high mortality 
and morbidity. We report the largest patient series of RJAA repair to date, with an overall 
mortality rate of 48%. In about half of our patients we have been able to apply renal 
cooling during suprarenal aortic-cross clamping. Interestingly, in this small subgroup of 
patients we observed remarkably lower mortality and morbidity rates. To our knowledge, 
this is the first report of cold perfusion of the kidneys during repair of RJAA.

Literature reports about the outcome of RJAA repair are scarce. In the few existing studies 
the mortality rate was up to 81%10,17-19. It has been shown that 75% of the patients who 
develop acute renal failure following ruptured abdominal aortic aneurysm repair die in the 
hospital and over half of the survivors are dead at 5 years due to renal failure8,10,20-23. Rises 
in serum creatinine level after abdominal aortic surgery frequently occur in combination 
with other organ dysfunction24. It remains a question, however, if renal failure plays 
a causative role in the development of MOF or that they both are a consequence of 
shock25. Often, renal insufficiency precedes respiratory distress or sepsis25,26. It also plays 
an important role in the delayed recovery of lung injury or decreased cardiac function25,27. 
Renal failure is related to MOF24,25, which has been reported as a common complication 
after ruptured aortic surgery and is highly correlated with lethal outcome8,10,20,21. 

Peroperative measures to preserve renal function with cooling have been applied 
previously in thoracoabdominal aortic aneurysm repair28 and during elective repair of 
juxtarenal aortic aneurysms11 with beneficial effects on postoperative renal function. 
Also in the current study of RJAA we observed a tendency towards preservation of renal 
function and better outcome with the application of cold renal perfusion.

Limitations of the present study are its retrospective nature, absence of randomization for 
the evaluation of renal cooling and the small group sizes. Our protocol of renal cooling 
was initiated at the beginning of the study period by one of the surgeons. Although other 
surgeons have adopted the procedure, cooling was inconsistently applied throughout 
the entire study period, mainly because of the emergency character of the procedure, 
inconsistent availability of materials and/or familiarity of the nurses with the procedure, 
as well as lack of evidence regarding its usefulness. All operations were performed by, or 
under direct supervision of, board certified vascular surgeons. A bias due to differences in 
surgeon’s experience and expertise cannot completely be ruled out, although it does not 
seem likely since each surgeon did at some point use renal cooling and the surgeon who 
performed most repairs had similar mortality and morbidity rates. 
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Cross-clamp times were longer than would be expected in elective suprarenal aortic 
reconstruction, probably because of time required to obtain full aortic exposure 
and mobilization of the left renal vein after initial clamping to control the bleeding. 
Furthermore, suprarenal and total aortic cross-clamp times were longer in the group 
without renal perfusion, albeit not significantly. Therefore, a selection bias towards less 
complex anatomy or more rapid aortic control in favour of the renal perfusion group 
cannot be completely ruled out. The body temperature declined with 0.7 ºC in the 
subgroup with renal cooling, which is in line with the use of renal cooling in the elective 
situation11. Use of perfusion catheters might interfere with performing the proximal 
anastomosis and therefore increase cross-clamp time, however, we did not experience this 
problem as our study showed that with adequate preparation of the cooling procedure, 
suprarenal aortic cross-clamping time is not significantly lengthened. 

Besides prolonging cross-clamp time, catheterisation of the renal arteries could conceivably 
cause complications such as dissection or embolization. However, with careful insertion 
of the soft- and round-tipped Pruitt catheter, as well as sensible inflation of its compliant 
balloon just past the renal artery orifice, these complications were not observed in our 
study. In very small or stenosed renal arteries we have used 6 French Pruitt catheters in 
elective cases, however, unfortunately these were not available in 2 of our emergency 
cases, precluding renal cooling. 

Our observation that cold perfusion of the kidneys during suprarenal aortic cross-
clamping might decrease the occurrence of postoperative renal failure, MOF and even 
mortality, is interesting, not only from a clinical, but also from a pathophysiological point 
of view. It has been suggested that the kidney is not just a passive bystander but a driving 
force of a detrimental spiral leading to MOF25. It has been noted that in critically ill 
patients acute renal failure adds more than its own share to morbidity25,29,30. Hence, our 
observation could suggest a need to protect the kidneys during RJAA repair beyond renal 
preservation itself. Obviously this is speculative and further clinical and experimental 
research on this phenomenon is needed.

Endovascular repair of a ruptured abdominal aortic aneurysm has become more and 
more widespread, but it remains unclear whether perioperative mortality is reduced 
significantly31. Because of technical limitations, branched endografts have hardly been 
applied yet for RJAA repair32. Therefore, open repair still is the gold standard. 

new chapter 4.indd   78 12-12-12   11:36



79

Open surgical repair of ruptured  juxtarenal aortic aneurysms with and without renal cooling  |  Chapter 4

4

In conclusion, open surgical repair of RJAA is still associated with high mortality and 
morbidity rates. We observed a trend towards benefit from renal cooling during RJAA 
repair with regard to postoperative renal function, morbidity and mortality. Although 
selection bias could have been present because of the retrospective nature and small 
group sizes, our data warrant prospective studies on intention to treat basis.
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Chapter 2  |  Juxtarenal aortic aneurysm repair: A systematic review

ABSTRACT
Background.
Renal failure is a frequent complication of juxtarenal abdominal aortic aneurysm-
(JAA-)repair. During this operation suprarenal aortic-clamping is followed by 
infrarenal aortic-clamping (below renal arteries) in order to restore renal flow, 
while performing the distal anastomosis. We hypothesized that infrarenal aortic-
clamping, despite restoring renal perfusion provokes additional renal damage. 
Materials and methods.
We studied 3 groups of rats. After 45minutes of suprarenal aortic-clamping, 
group 1 had renal reperfusion for 90minutes without aortic-clamps (n=7). In 
group two 45minutes of suprarenal aortic-clamping with a distal clamp on the 
aortic bifurcation was followed by 20minutes of infrarenal aortic-clamping. Renal 
reperfusion was continued for 70minutes without aortic-clamps (i.e.90minutes 
renal reperfusion; n=8). The sham-group had no clamps (n=7). We measured renal 
hemodynamics, functional parameters and tissue damage. 
Results. 
On suprarenal aortic-clamp removal renal artery flow, cortical flow and arterial 
pressures were higher in group 2 than in group 1. We detected increased tubular 
brushborder damage, luminal lipocalin-2 and 30-60% higher renal protein 
nitrosylation in group 2 when compared to group 1 (p<0.05). Group 2 showed 
more release of asymmetrical dimethylarginine (ADMA) from the kidneys in the 
renal vein, therefore indicating diminished clearing capacity (p<0.001). Arginine/
ADMA-ratio, which defines the bio-availability of nitric oxide, tended to be lower 
in group 2 and correlated with renal flow. Furthermore, there were no significant 
differences found in creatinine-levels and renal leukocyte accumulation between 
group 1 and 2. 
Conclusions.
Additional infrarenal aortic-clamping leads to increased renal damage and oxidative 
stress, despite adequate perfusion of kidneys after suprarenal aortic-clamping. This 
study indicates that the clamping sequence used in JAA-repair causes more than 
simple renal I/R-injury. 

Keywords: Ischemia-reperfusion; suprarenal aortic-clamping; asymmetrical 
dimethylarginine; renal failure; cardiovascular physiology; lipocalin-2.
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INTRODUCTION
Renal failure is a frequent complication after aortic-surgery, especially in juxtarenal 
abdominal aortic aneurysms (JAAs)1-2. The literature reports postoperative renal 
insufficiency as well as new onset of dialysis between 0-13% and mortality between 
0-18%2-5. Each dialysis patient costs between 51445 to 65705 Euros a year6. 15 % of 
all abdominal aortic aneurysms are juxtarenally located7, which means that they require 
open aneurysm repair with aortic-clamping above the renal arteries (suprarenal aortic-
clamping) in addition to a distal clamp on the aortic-bifurcation for reconstructing the 
proximal anastomosis of the graft. Thereafter, renal perfusion is restored by replacing 
the suprarenal aortic-clamp to an infrarenal location (below the renal arteries) on the 
aortic-graft, whilst the distal anastomosis is performed. It is known that the risk for 
postoperative renal failure increases at longer duration of suprarenal clamping8. However, 
many aspects of renal ischemia-reperfusion (I/R)-injury after JAA-repair are still not 
very well understood. Some experimental models induced renal ischemia with just one 
suprarenal clamp9,10, which differs from the clinical situatio11. Infrarenal aortic-clamping 
alone could also lead to postoperative renal dysfunction12-16. The aim was to elucidate the 
role of infrarenal aortic-clamping after suprarenal aortic-clamping. To our knowledge, 
we are the first who studied this particular clamping sequence. We hypothesized that 
infrarenal aortic-clamping during renal reperfusion (i.e.directly after renal ischemia) 
leads to additional renal damage, despite adequate perfusion of the kidneys. 

Renal I/R-injury involves priming of the endothelium to produce both free radicals 
and chemoattractants17. Both vascular endothelium and tubular cells can produce nitric 
oxide (NO), which is an endogenous vasodilator that regulates renal flow and function18. 
The producing enzyme, nitric oxide synthase (NOS), can shift from NO-production 
to generate superoxide free radicals. This uncoupling, may among others, be caused by 
elevated asymmetrical dimethylarginine (ADMA)-levels19,20. ADMA is an endogenously 
inhibitor of NOS21. In general, ADMA is cleared by the kidneys in order to control 
ADMA-levels. An increase in ADMA-levels influences systemic hemodynamics and 
reduces renal flow by inhibiting NO-synthesis21,22. This leads to oxidative stress followed 
by reduction of the biological effects of NO18. In addition, it has been reported that 
the functional capacity of NOS is necessary for a good working kidney23,24, whereas 
inducible NOS deficiency in kidney donor accelerates allograft loss23. Elevated ADMA-
concentrations have been reported in patients with chronic kidney disease25,26,. We 
therefore measured the functional capacity of the kidneys to clear ADMA, other 
variables in the ADMA metabolism, as well as renal oxidative stress, in addition to renal 
hemodynamics and indicators of tubular damage, including the biomarker for acute 
renal injury called lipocalin-2 (NGAL)27,28. 
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MATERIALS AND METHODS
Experimental protocol
Animal surgery was performed according to established guidelines and approved by the 
Animal Ethical Committee,VU University,Amsterdam,Netherlands. We studied 3 groups 
of male Wistar-rats weighing 350gram (Harlan). They were anaesthetized by Temgesic 
0.03mL intramuscularly and Isoflurane 4.0%. They were then intubated and ventilated 
(Merlin-Small-Animal-Ventilator,Ventronic Services,Devon,United Kingdom) with 
~50%-oxygen-air-mixture. Anaesthesia was maintained with Isoflurane 1.5–2.0%. Rats 
were placed on a heated platform with their body temperature monitored by a rectal 
probe. The right jugular vein and left carotid artery were cannulated, heparinized (100U/
kg), and connected to a Ringer’s lactate pump (2mL/hour) and blood pressure analyzer, 
respectively. After midline incision the intestines were moved aside in order to free the 
aorta. We introduced a stabilizing period of 30minutes in all 3 groups before suprarenal 
aortic-clamping in the I/R-groups. 
In group 1 (n=7) a clamp was placed on the suprarenal aorta for 45minutes. The removal 
of the clamp was followed by 90minutes of renal reperfusion (Figure 5.1). 
In group 2 (n=8) a clamp was placed on the suprarenal aorta for 45minutes (renal ischemia 
time chosen based on our own experience and earlier reports29,30). We also placed a distal 
clamp on the aortic bifurcation (this is needed in patients for reconstructing the aneurysm 
without backbleeding). After 45minutes of renal ischemia, the suprarenal aortic-clamp 
was replaced to the infrarenal aorta to start renal reperfusion. After 20minutes of infrarenal 
aortic-clamping (mean clinical time to perform the distal anastomosis29,30), the infrarenal 
aortic-clamp and distal clamp were removed and reperfusion continued for 70minutes 
(i.e.total renal reperfusion of 90minutes, which is the same as in group1;Figure 5.1).  
The sham-group (control,n=7) had an equal experimental duration without aortic-
clamping.
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Figure 5.1. Carotid artery pressure, renal artery flow and cortical laser-Doppler flux during the 
experiment. Hemodynamic differences between group 1 and group 2 are highlighted by the 
boxes at the top (p=0.03) and the mark  for renal flow (p=0.02) and for cortical flux (p=0.07). 
PU = arbitrary perfusion units. Dashed arrow in group 2 represents the moment of removal of 
the infrarenal aortic-clamp and distal clamp on the aortic bifurcation, where arterial pressures 
and cortical flow dropped very quickly for a minute to values of 80±8 mmHg and 131±42PU 
respectively.  Arrows beneath the graphs indicate placement (), replacement ( ), and removal 
(), of aortic clamps. Group 1: n = 7; and group 2: n = 8; presented are mean±SD.

Blood samples (0.3mL) were taken from the carotid artery at the start and end of the 
experiment. The same amount of fluid as colloid suspension (Voluven,Fresenius Kabi, 
‘s Hertogenbosch, Netherlands) was infused after each blood sample. At the end of the 
experiment blood samples were taken from the renal vein and the kidneys excised. Blood 
was centrifuged at 7000 rpm for 15 minutes. Blood plasma and kidneys were stored at 
-80ºC until analyzed.
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Renal hemodynamic.
Mean renal blood flow. A flow meter (Transonic-Systems Inc,Ithaca,USA) was secured 
around the right renal artery to measure renal blood flow (mL/minute). 
Laser-Doppler flux. We measured cortical flow with a laser-Doppler probe (periflux 
4001 master,Perimed,Järfälla,Sweden), which was kept in position with a latex-sheet on 
the right kidney. The probe measures the product of velocity and concentration of the 
moving red blood cells within a small (<1mm3) volume (expressed in arbitrary perfusion-
units,PU).In separate experiments invasive laser-Doppler flux tracings were obtained 
from the renal outer and inner medulla at a depth of 3 and 5mm, respectively31. 

Measurements in plasma samples.
ADMA, arginine, symmetrical dimethylarginine (SDMA) and creatinine. These were 
measured in duplo with HPLC, as described previously32. 
Arteriovenous difference of ADMA, SDMA and arginine indicated kidney uptake or 
release and was calculated as [A]–[RV], where [A] and [RV] denote arterial and renal vein 
plasma concentration, respectively. Fractional-extraction was calculated as [A]–[RV]/[A]. 
Arginine divided by ADMA was called the arginine/ADMA-ratio, which determines the 
bio-availability of NO. 

Quantitative immunofluorescence microscopy.
Of the left kidney 5 µm thick sections were cut, air dried and fixed in 4%formaldehyde. 
Fluorescence staining and image acquisition, processing and analysis were done as 
described previously33. Primary antibodies were dissolved in phosphate-buffered saline 
(PBS). After 1 hour they were exposed to Alexa-488-labeled-secondary-antibody for 
30minutes (diluted 1:100 in PBS; Molecular ProbesTM,Eugene,OR). Negative control 
sections were treated the same, but without the primary antibody. For each fluorescent 
channel, being the blue (DAPI;i.e.cell nuclei), green (FITC;i.e.secondary antibodies) 
and red (Cy3;i.e.Rhodamine-WGA-stained-glycocalyx of cell membranes), 4 images 
were made, both with 10x-and 40x-objective-lens (Carl-Zeiss) in the following kidney 
areas: cortex, corticomedullary-transition-zone, loops of Henle and inner-medulla. For 
quantification of immunofluorescence-levels the sum intensity of all pixels in the selected 
area was corrected for area size. Correction for non-specific background was performed 
by dividing the immunofluorescence-levels of the positive samples through those of the 
negative controls. Mean values per rat were used for statistical analysis. 
Tubular morphology. Forty round, perpendicularly sectioned tubules were included to 
measure the tubular lumen. The ratio of lumen/tubule-width was used to define tubular 
dilatation. 
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Epithelial cell shedding. DAPI-stained nuclei of tubular epithelial cells were counted 
and corrected for the total tissue surface. 
NOS. Inducible-NOS (iNOS), endothelial-NOS (eNOS) and phosphorylated-(p)-
eNOS expression were detected with polyclonal antibody iNOS Mouse IgG , eNOS (N-
20)Rabbit IgG or p-eNOS Ser1177 Goat IgG (all Santa Cruz Biotechnology), respectively. 
ENOS and p-eNOS were diluted at 1:50 and iNOS at 1:25. 
NO-related free radical damage. Nitrosylation of kidney proteins was detected with 
rabbit-anti-nitrotyrosine antibody (A21285,Invitrogen;diluted 1:50). 
Leukocyte sequestration. The number of CD45-positive cell nuclei (OX1,sc53045, 
Santa Cruz Biotechnology;diluted 1:50) were counted and expressed per full image made 
with the 10x-objective lens (562798 µm2).
Neutrophil Gelatinase Associated Lipocalin (NGAL). NGAL was detected with 
primary antibody (M145,sc50351, Santa Cruz Biotechnology;diluted 1:50). Forty 
tubules were randomly selected in each kidney section.

Western blotting for NOS.
Right kidney segments were homogenized in ice-cold lysisbuffer (mM:20Tris-HCL 
pH8.0+150NaCl+90KCl+2EDTA/NaOH pH8.0+0.5%Nonidet-P4+0.5% Triton 
X-100+1NaF+50Na3VO4) containing a protease and phophatase-inhibitor cocktail 
(1:100) and subsequently centrifuged (3600rpm,4ºC,15 minutes). The supernatants were 
applied on SDS-page gels (Bio Rad Laboratories, Veenendaal, Netherlands). NOS were 
detected with the same antibodies as mentioned above, using the secondary antibodies 
conjugated to horseradish-peroxidase (DAKOCytomation). Protein-bands were detected 
using a chemiluminescence-kit (Amersham, Buckinghamshire, UK), digitally imaged 
(Fuji Science Imaging System) and quantified with AIDA-Image-Analyzer-software 
(Raytest Isotopenmessgeräte, Staubenhardt, Germany). Sample densities were expressed 
relative to the control-samples, which were set to 1. 

Statistical Analysis.
Statistical-program-SPSS-14.0 (SPSS Inc, Chicago, Illinois) was used for analysis of data 
and for producing the figures. A histogram is used to depict the distribution of the 
measurements of a continuous variable. In case of a normal distribution data are expressed 
as mean±SD (standard-deviation) and one-way ANOVA with post-hoc-Bonferroni test 
was used to compare all 3 groups, and a T-test for 2 groups. In case of a non-normal 
distribution data are expressed as median with ranges and the Kruskal Wallis test was 
used to compare all 3 groups, and Mann-Whitney U test for 2 groups. Wilcoxon-test 
was used for paired-data-comparisons. Correlations were tested with Spearman’s rank-
correlation (Rs). Tests were considered statistically significant at p≤0.05.
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RESULTS
Renal hemodynamics.
After suprarenal aortic-clamping in both group 1 and 2, we measured renal artery flow 
of ~0 mL/min and practical no flow in the cortex. At that time in group 2 a distal clamp 
was also present, which had no additional effect on the renal ischemia (Figure 5.1). 
After 45 minutes of renal ischemia, the suprarenal-aortic-clamp in group 1 was removed, 
while in group 2 it was replaced under the renal arteries (infrarenal-aortic-clamping; 
Figure 5.1), thus in both groups kidneys were reperfused. On suprarenal aortic-clamp 
removal the cortical flow raised very quickly in both I/R-groups and remained high in 
group 2 (165±53PU), in group 1 however it dropped to 117±48PU (p=0.07; Figure 
5.1). At that moment arterial pressure was significantly higher in group 2 than in group 
1 (117±21 and 93±12-mmHg, respectively; Figure 5.1; p=0.03) and renal artery flow 
was twice as high in group 2 (Figure 5.1; p=0.02), which correlated with flow measured 
in the renal cortex (Rs=0.55, p=0.04). In group 2 on infrarenal-aortic-clamp removal, 
arterial pressures with cortical flow dropped very quickly for a minute to values of 80±8-
mmHg and 131±42PU respectively; thereafter the values started to rise gradually, similar 
to group1 (Figure 5.1). We determined no clear differences in the flow through the renal 
medulla in both I/R-groups. At the end of the experiment, we measured in both I/R-
groups less cortical flow than in the sham-group (p<0.01), with no significant differences 
between group1 and 2 (p=0.87). The total renal artery flow showed the same trend as the 
cortical flow. No evident changes occurred in the sham-group.

Renal tubular damage.
We determined increased tubular damage in group 2 when compared to group 1 (p=0.05; 
Figure 5.2A), which was expressed in a flattening of the brushborder with fragments of 
cells and membranes in the lumen of the tubules. Moreover, this damage was expressed 
by a tendency of less tubular epithelial-nuclei in the corticomedullary-area in group 2 
(p=0.08; Figure 5.2B). 
We defined clusters of the early marker for renal damage called lipocalin-2 (NGAL) in 
the lumen of tubules in the corticomedullary-area in 10±7% of the tubules in the sham-
group, 19±21% in group 1, but a noticeable presence of 40±28% in group 2 (p=0.03; 
Figure 5.3). NGAL was also located in the tubular epithelial-cells in all 3 groups (Figure 
5.3), mostly present in group 2 (p=0.07). Dilatation of the tubular lumen was seen in 
both I/R-groups in a similar extent, but not in the sham-group (p=0.03). 

new chapter 5.indd   92 12-12-12   11:36



93

Infrarenal aortic-clamping after renal ischemia aggravates acute renal failure  |  Chapter 5

5

Figure 5.2. Tubular alterations in the 3 groups. Tubular damage is illustrated in the representative 
images of the corticomedullary area by staining the glycocalix of the cell membranes. At the right 
side of the figure boxplots of the percentage of tubules in this area with brush border damage (A) 
are shown, as well as the number of nuclei in the tubules in different areas of the kidneys (B). 
Fluorescent images (left) were registered using the red (Cy3)-channel and displayed in grey-scale, 
while the nuclei (B) were counted in the blue (DAPI) channel. The arrow on the bottom left panel 
indicates the presence of shedded cell structures in the tubular lumen of group 2.
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Oxidative stress.
Protein-nitrosylation was significantly enhanced in group 2, most prominently in the 
renal cortex, when compared to group 1 or to the sham-group (p=0.04 and p=0.02, 
respectively; Figure 5.4). This was most prominent in the tubular-epithelial-cells near 
their basal membrane and in the interstitium. Nitrosylation of renal proteins was 
correlated with brushborder-damage (Rs=0.61, p=0.003) and luminal NGAL (Rs=0.40, 
p=0.07).

Figure 5.3. Representative images of lipocalin-2 (i.e. NGAL). Left images present NGAL in the 
corticomedullary area. Two high-magnification images are shown below the graph showing clusters 
of NGAL in the tubule of the corticomedullary area and a network of NGAL-fibers in the tubular 
lumen in the medulla (= X). Box-plots show the percentage of corticomedullary tubules with 
NGAL-clusters in their lumen. Fluorescent images were registered using the green (FITC) channel 
and displayed in grey-scale; arrows point out the tubular lumen. 

new chapter 5.indd   94 12-12-12   11:36



95

Infrarenal aortic-clamping after renal ischemia aggravates acute renal failure  |  Chapter 5

5
Figure 5.4. Nitrosylation of renal proteins at the end of the experiment. Presented are nitrotyrosine 
in the corticomedullary area of kidneys harvested at the end of the experiment with tubular outlines 
indicated (left), and comparison of nitrotyrosine levels within tubular epithelial cells of various 
renal areas (right; box-plots). In group 2 nitrotyrosine fluorescence was significantly increased 
both in the interstitium and epithelial cells, where it was located predominantly near the basal 
membrane. Fluorescent images were registered using the green (FITC) channel and displayed in 
grey-scale. 
 * = p<0.05 and   = p=0.07

Leukocyte accumulation. 
We observed a tendency of more leukocyte accumulation in group 2 than in group 1; 
however these differences were not significant (Table 5.1). 

Table 5.1. Leukocyte counts in the four different areas of the kidney (n / full image).

Kidney area Sham Group 1 Group 2 P-value for all groups P-value group 1 versus 2

cortex 83 (49-150) 110 (41 -153) 114 (46-167) 0.67 0.6

corticomedullary 96 (50-146) 103 (56-181) 147 (37-225) 0.42 0.49

loops of Henle 109 (90-213) 114 (38-295) 189 (103-243) 0.59 0.48

medulla 88 (68-153) 141 (20-303) 186 (65-258) 0.13 0.49

p≤0.05=statistically signi� cant.
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Functional parameters.
Handling of ADMA. At the beginning of the experiment systemic ADMA, SDMA and 
arginine-levels were practically the same in all groups. At the end of the experiment, group 
2 had significantly higher ADMA-levels than group 1 as measured in the plasma of both 
carotid artery and renal vein (Table 5.2; p=0.04). SDMA-levels did not differ between 
group 1 and 2, but both were higher than sham-levels (Table 5.2; p<0.001). Arginine-
levels were equally lowered in group 1 and 2 when compared to sham (p=0.003). Normally 
the kidneys clear ADMA, meaning that the arteriovenous differences and fractional-
extraction have positive values (Table 5.2). In group 2 arteriovenous differences showed 
that ADMA was less cleared (Table 5.2) and fractional-extraction indicated more release 
of ADMA in group 2 when compared to group 1 (Table 5.2). 
The arginine/ADMA-ratio, which defines the bio-availability of NO21,25, tended to be 
lower in group 2 than in group 1 (Figure 5.5A; p=0.16) and correlated with renal flow at 
the end of the experiment (Figure 5.5B; Rs=0.50, p=0.018). The arginine/ADMA-ratio 
correlated with brushborder damage and luminal NGAL (Rs=-0.66, p=0.001 and Rs=-
0.58, p=0.005, respectively). 
Creatinine. The relative creatinine-rise (end/beginning) was almost similar in group 2 
(2.78±1.06) and 1 (2.59±0.98, p=0.87), however was in both groups significantly higher 
than sham (1.06±0.29,p=0.001). 
NOS. INOS in most areas of the kidney appeared to be somewhat lower in group 2 
than in group 1 (Figure 5.6). However, in the whole kidney iNOS-content did not 
differ between group 2 and 1, but both had a significantly lower content than sham 
(measured with western blotting; p=0.017; Figure 5.6). INOS was positively correlated 
with arginine/ADMA-ratio (Rs=0.43, p=0.045). It was located mainly on the luminal 
side of the tubular epithelial-cells. Total eNOS and p-eNOS were similar in both I/R-
groups, both in the interstitium and tubular cells, with a tendency to be 70% lower than 
in sham (p=0.08), as indicated also by western blotting. 
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Values at the end Sham Group 1 Group 2 P-value group 1 vs. 2

ADMA  (µmol / L)

A 0.782±0.119 0.805±0.090 0.972±0.178 0.043

RV 0.491±0.028 0.835±0.051 1.129±0.120 <0.001

A-RV 0.291±0.119 -0.030±0.062 -0.157±0.149 0.057

A-RV/A 0.36±0.09 -0.04±0.09 -0.19±0.21 0.112

 

SDMA  (µmol / L)

A 0.333±0.054 0.469±0.044 0.494±0.081 0.47

RV 0.317±0.024 0.525±0.019 0.537±0.072 0.68

A-RV 0.017±0.054 -0.056±0.040 -0.043±0.038 0.51

A-RV/A 0.03±0.17 -0.13±0.09 -0.09±0.08 0.46

 

Arginine (µmol / L)

A 95.2±12.0 54.2±39.2 36.5±15.4 0.29

RV 111.0±17.1 68.1±49.3 53.3±23.5 0.49

A-RV -15.8±13.2 -13.8±11.2 -16.8±11.9 0.62

A-RV/A -0.17±0.13 -0.31±0.22 -0.44±0.28 0.32

Values are expressed as mean ± standard deviation. p≤0.05=statistically signi� cant.
ADMA=asymmetrical dimethylarginine; SDMA = symmetrical dimethylarginine.

Table 5.2. Plasma concentrations (µmol/L) of ADMA, SDMA, and Arginine in carotid artery (A) 
and renal vein (RV), arteriovenous (A-RV) and fractional extraction (A-RV/A) in sham-group, 
group 1 and 2, measured at the end of the experiment.
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Figure 5.6. iNOS in tubular epithelial cells of the corticomedullary area in each group (left), and 
comparative levels in the kidney as a whole determined with Western blotting (right). Representative 
blots are shown at the top. Fluorescent images were registered using the green (FITC) channel and 
displayed in grey scale, per image only one tubule has been outlined. iNOS was mainly located 
along the luminal side of the tubular cells. 
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DISCUSSION
In the present study, we showed that the infrarenal aortic-clamp during early renal 
reperfusion (group 2) after suprarenal aortic-clamping resulted in more tubular damage 
and functional loss of clearing ADMA when compared to normal renal reperfusion 
without an infrarenal aortic-clamp (group 1). This study indicates that the clamping 
sequence used in JAA-repair (group 2) causes more than simple renal I/R-injury. Renal 
flow was significantly higher in group 2 (i.e.with infrarenal aortic-clamping) than in 
group 1 during early renal reperfusion. At the end of the experiment clusters of NGAL 
were found in the tubular lumen and a diminished clearing capacity of ADMA in group 
2. The arginine/ADMA-ratio was lower in group 2 than in group 1, which was correlated 
with renal flow. Substantial nitrosylation of renal proteins was seen in group 2. 

We can only speculate on the cause of the additional renal damage despite adequate 
renal flow in the reperfusion phase. The distal clamp on the aortic-bifurcation in group 2 
seems not to affect the severity of renal ischemia. We did not determine renal flow of any 
importance in both I/R-groups during renal ischemia in the rats, thus the phenomenon 
of back-flow (often seen in patients caused by the lumbal arteries) was absent. However, 
we noticed considerable hemodynamic differences between the two I/R-groups during 
early renal reperfusion, which could be related to the additional renal damage in group 
2. Literature shows that infarenal aortic-clamping alone could cause altered renal 
hemodynamics, such as elevated arterial pressures during infrarenal aortic-clamping13-16 
and renal injury13, as sudden reestablishment of the circulation of the lower torso 
following release of the aortic-clamp results in a short period of ischemia-reperfusion12-16. 
We measured in group 2, upon infrarenal aortic-clamp removal a drop in arterial pressure 
and cortical flow. 

Besides this infrarenal declamping phenomenon we think that the high arterial pressures 
with the high renal flow during early renal reperfusion could be related to the enhanced 
renal failure in group 2. Therefore, arguments exist which support the application of 
protective strategies such as a gradual increase in flow at the time of early reperfusion34 
or intermittent reperfusion, i.e.postconditioning35. Other suggestions to preserve renal 
function are the application of renal cooling29,30, keeping a high arginine/ADMA ratio 
(see below) or limiting renal ischemia time by creating the proximal anastomosis as fast 
as possible8.

Another possibility is that the extra 20 minutes of lower limb ischemia in group 2 
triggers a systemic response and causes serious dysfunction to remote organs, including 
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the kidneys. It has been shown that acute ischemia-reperfusion of the lower limb leads to 
systemic inflammatory response and multiple organ dysfunction36. Ischemic limb injury 
is a typical complication often accompanied by renal insufficiency, this condition is 
called acute kidney injury caused by remote organ damage. It has been suggested that the 
release of free radicals from the limbs into the systemic circulation is implicated for this 
condition37,38,39. Our data supports renal damage caused by oxidative stress as measured 
by high nitrosylation of renal proteins in group 2 and less role for inflammation as 
leukocyte accumulation was only a little increased.

We observed clusters of NGAL in the tubular lumen in group 2. To our knowledge, this 
has not been described so far. Former studies located NGAL in the proximal tubules and 
in the urine. It is an early marker of both the initiation and extent of renal ischemia and 
kidney injury27,28,40,41. It has also been suggested that NGAL represents a link between renal 
and cardiovascular function42, being more directly involved in cardiovascular diseases, 
such as the pathogenesis and clinical manifestations of atherosclerosis, acute myocardial 
infarction and heart failure42. However, besides increased mean arterial pressures, we 
did not focus further on cardiovascular dysfunction in this study, but it is interesting 
to explore this phenomenon in future studies. Moreover, NGAL may ameliorate renal 
damage43. Its expression can be induced by reactive oxygen species44. NGAL binds 
low-molecular-weight-ligands, such as heme27, and forms a complex with iron-binding 
siderophores, which facilitates the removal of excess intracellular iron, thereby limiting 
oxidant mediated apoptosis of renal tubular cells43. 

Group 2 showed more release of ADMA from the kidneys in the renal vein, indicating 
diminished clearing-capacity. As we speculate about the cause, ADMA is cleared through 
a breakdown by the enzyme dimethylarginine-dimethylaminohydrolase (DDAH)21,45. 
Elevated ADMA-levels in kidney disease have been related to reduced renal ADMA-
excretion and reduced catabolism of ADMA by DDAH45. DDAH is subjected to 
reactive oxygen species (ROS)45. Therefore, a decreased activity of DDAH after I/R-
injury by oxidative stress could have leaded to high ADMA-levels observed in group 
2. This could have lead to uncoupling of NOS, which on his turn shifted from NO-
production to generation of the superoxide free radical19,20. This may have resulted in 
even more oxidative stress in group 2. High ADMA-levels also inhibited NOS, resulting 
in a worsening of kidney function, as it is known that a good functional capacity of 
NOS is necessary for a good working kidney in renal transplantation23,24. On top of that 
it is also known that NOS plays an important role in regulation of endothelial function 
and in the control of blood pressure, one of the signalling cascade being protein kinase 

new chapter 5.indd   101 12-12-12   11:36



Chapter 5  |  Infrarenal aortic-clamping after renal ischemia aggravates acute renal failure

102

C46,47. It would be interesting to measure proteine kinase C in future studies about the 
effect of aortic-clamping in aortic surgery. High ADMA-levels in itself are known as an 
independent risk factor for mortality in critically ill patients48. Hence, this difference 
between both models is clinically important. It is conceivable that keeping the arginine/
ADMA ratio at high levels during infrarenal clamping could be another possibility to 
preserve renal function, as the arginine/ADMA ratio is correlated with renal flow. 
We did not observe significant differences in creatinine-levels between both I/R-groups. 
In patients the creatinine rise reaches the highest level on the third postoperative day29. 
It could be possible that creatinine-rises will be more pronounced after a longer period. 

In conclusion, additional infrarenal aortic-clamping leads to increased renal damage and 
oxidative stress despite adequate perfusion of kidneys after suprarenal clamping, when 
compared to normal renal reperfusion without infrarenal aortic-clamping. The present 
study suggests that the common observed postoperative renal failure after JAA-repair is 
not only related to suprarenal clamping and renal ischemia, but involves oxidative stress 
and high ADMA-levels caused by infrarenal and suprarenal clamping. Keeping arginine/
ADMA ratios at high levels could preserve renal function.
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ABSTRACT
Background.
Cold perfusion through the renal arteries during renal ischemia has been suggested 
to diminish postoperative renal damage after juxtarenal aortic aneurysm(JAA)-
repair. As the kidneys play a key role in the dimethylarginine-metabolism, which 
is in turn is associated with renal hemodynamics, we hypothesized that the 
protective effect of cold perfusion is associated with a preserved renal extraction of 
dimethylarginines. 
Material and methods.
Renal ischemia was induced in 3 groups of anesthetized Wistar rats (n=7 per group) 
who underwent suprarenal aortic-clamping (45 minutes) with no perfusion (group 
1), renal perfusion with 37ºC saline (group 2) or renal perfusion with 4ºC saline 
(group 3),  respectively, followed by 90 minutes of renal reperfusion in all groups. 
The sham group had no clamping. 
Results.
In group 3 (renal ischemia with cold perfusion), postoperative serum creatinine-
levels as well as the presence of luminal lipocalin-2 and its associated brush border 
damage were lower compared to groups 1 and 2 (p<0.05). Also, renal extraction of 
asymmetrical (ADMA) and symmetrical (SDMA) dimethylarginine as well as the 
arginine/ADMA-ratio, which defines the bio-availability of nitric oxide, remained 
intact in group 3 only (p<0.04). The arginine/ADMA-ratio correlated with cortical 
flow, lipocalin-2 and creatinine-rises. Warm and cold renal perfusion (group 2 
and 3) during ischemia were similarly effective in lowering protein nitrosylation 
levels, renal leukocyte accumulation, NGAL-expression in distal tubules and urine 
NGAL (p<0.05).
Conclusions.
These data support the use of cold renal perfusion during renal ischemia in 
situations where renal ischemia is inevitable, as it reduces tubular damage and 
preserves renal extraction of dimethylarginines. Renal perfusion with saline per se 
during renal ischemia is effective in diminishing renal leukocyte accumulation and 
oxidative stress. 

Keywords: oxidative stress; renal ischemia-reperfusion; inflammation; nitrosylation 
of renal proteins; nitric oxide.
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INTRODUCTION
Juxtarenal abdominal aortic aneurysms (JAAs) originate close to the renal arteries, 
which in case of repair necessitates the use of a suprarenal aortic cross-clamp that 
causes renal ischemia-reperfusion injury8, 24, 37. Postoperative renal failure is a known 
and feared complication of this type of surgery. Literature reports frequent azotemia 
as well as postoperative new onset of dialysis between 0-13% and mortality between 
0-18%3, 15, 36, 37, especially when the renal ischemic period exceeds 45 minutes15,44, 45. We 
have previously reported in 2 retrospective pilot-studies that continuous renal perfusion 
with 4° Celsius NaCl-solution during the ischemic period in both elective and acute 
JAA-repair could prevent creatinine-rises, which resulted in better survival46, 47. The use 
of normothermic venous blood during suprarenal clamping has also been suggested to 
reduce postoperative renal failure29. Organ perfusion seems to improve the outcome 
during thoraco-abodminal aneurysm repair12, 13, 14, 19. In this study we want to investigate 
if perfusion per se has protective effects and if hypothermia is needed to preserve renal 
function, which would make it easier for the vascular surgeon if any temperature could 
be used.

High asymmetrical dimethylarginine (ADMA)-levels are known as an independent 
risk factor for mortality in critically ill patients26. ADMA is an endogenously inhibitor 
of nitric oxide synthase30. Normally, dimethylarginines are elminated by the kidneys 
in order to control ADMA-levels25. An increase in ADMA-levels influences systemic 
hemodynamics and reduces renal flow by inhibiting nitric oxide (NO)-synthesis30. We 
studied the potential protective effects of renal cooling or perfusion per se during renal 
ischemia on the preservation of the dimethylarginines-metabolism, but we investigated 
also other parameters such as nitrosylation of renal proteins, leukocyte accumulation and 
the microscopic localization of lipocalin-2 and its presence in the urine, which is an early 
marker of renal damage.

We hypothesized that cold perfusion during renal ischemia leads to less renal damage 
compared to warm perfusion or no perfusion, as well as to a preserved renal extraction of 
dimethylarginines and less expression of lipocalin-2 in the early onset of renal ischemia-
reperfusion injury (I/R-injury). The outcome of this study could support the decision 
of the surgeon to use normothermic or hypothermic renal perfusion in situations when 
renal ischemia is inevitable. 
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MATERIALS AND METHODS
Experimental protocol
All animal surgery and care were performed according to established guidelines and 
approved by the Animal Ethical Commission, VU University, Amsterdam, Netherlands. 
28 adult male Wistar rats (350 g; Harlan) were used to form 4 groups of 7 rats (see 
below). 

All rats were anaesthetized by Temgesic 0.03 ml intramuscularly and Isoflurane 4.0%. 
They were then intubated and ventilated (Merlin Small Animal Ventilator, Ventronic 
services, Devon, United Kingdom) with ~50% oxygen-air mixture, which could 
be adjusted depending on values found in blood. Anaesthesia was maintained with 
continuous Isoflurane 1.5–2.0%. Rats were placed on a heated platform with their 
body temperature continuously monitored by a rectal probe. Body temperature was 
maintained around 36.0ºC, also during renal ischemia by adjusting the heated platform 
and covering with warm blankets. Another temperature probe (type AMA Ad 15 th, 
Amarell, Kreuzwertheim,Germany) was placed on the kidney surface to measure its 
temperature at the start and end of the experiment, as well as during renal ischemia. 
The right jugular vein and left carotid artery were cannulated, heparinized (100 U/kg), 
and connected to a Ringer’s lactate pump (2mL/hour) and blood pressure analyzer, 
respectively. After midline incision the intestines were moved aside in order to free the 
abdominal aorta. A stabilizing control period of 30 minutes was introduced in all groups. 
Clamp times, perfusion times and type of perfusion fluid were chosen based on earlier 
patient studies46, 47.

At the start and at the end of the experiment in all groups arterial blood samples (0.3mL) 
were taken from the carotid artery. The same amount of fluid as colloid suspension 
(Voluven, Fresenius Kabi,‘s Hertogenbosch, Netherlands) was infused after each blood 
sample. At the end of the experiment, besides arterial blood samples from the carotid 
artery, venous samples were taken from the renal vein at the entry-point into the inferior 
vena cava, and thereafter the kidneys excised. Samples from the renal vein were not 
taken at the beginning of the experiment because of technical difficulties. Blood was 
centrifuged at 7000 rpm for 15 minutes and thereafter blood plasma was stored at -80ºC 
until analyzed. Kidneys were gathered in liquid nitrogen and also stored in -80ºC until 
analyzed. We measured the temperature and the oxygen saturation of the perfusate with 
the radiometer ABL 50 meter (Copenhagen, Denmark) at the start of the perfusion 
period and after 45 minutes at the end of the perfusion period.
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Renal ischemia-reperfusion (I/R)-groups
In group 1 (without perfusion during renal ischemia) we simulated JAA-repair in 
rats. A proximal clamp was placed above the renal arteries on the suprarenal aorta for 
45-minutes (renal-ischemia-time of 45 minutes includes the complex aortic-repair with 
renal reconstruction in patients46, 47). We also placed a distal clamp on the aortic bifurcation 
(this is needed in patients for reconstructing the aneurysm without backbleeding). After 
45 minutes of renal-ischemia, the suprarenal-aortic-clamp was replaced to the infrarenal 
aorta under the renal arteries to start renal-reperfusion. After 20-minutes of infrarenal-
aortic-clamping (mean-clinical-time to perform the distal-anastomosis of the graft in 
patients46, 47), the infrarenal-aortic-clamp and distal clamp on the aortic bifurcation were 
removed and reperfusion continued for 70-minutes, which is in total 90 minutes of 
renal reperfusion. All rats in this group received 6 mL saline intravenously during aortic-
clamping in order to standardize total volume as in group 2 and 3, while blood pressures 
were carefully monitored. 
In group 2 (warm perfusion during renal ischemia), the aorta was opened directly 
after placement of the proximal suprarenal aortic-clamp and distal clamp on the aortic 
bifurcation (see group 1) to insert a small catheter just near the opening of both renal 
arteries for perfusion of both kidneys with 37ºC NaCl 0.9% during the 45 minutes of 
renal ischemia. First a bolus of 2 mL was given to instantly perfuse the kidneys, and then 
a perfusion pump (5 mL/hour) was connected to the catheter (amount of fluid is chosen 
in the same proportion as in the patient studies46, 47). The pump and catheter were till 
insertion at the entree point into the aorta isolated with aluminium and polystyrene 
to preserve the temperature as good as possible. Although at the end of the perfusion 
period fluid temperature had dropped till 29ºC. After 45 minutes of renal ischemia 
the perfusion catheter was removed and the suprarenal aortic-clamp was replaced to 
the infrarenal aorta under the renal arteries in order to restore renal blood flow. During 
these 20 minutes of infrarenal aortic-clamping the insertion opening of the perfusion 
catheter in the aorta was restored with 9-0 Ethilon (which is also the mean-clinical-time 
to perform the distal-anastomosis of the graft in patients46, 47). Thereafter the infrarenal 
aortic-clamp and distal clamp on the aortic bifurcation were removed and 70 minutes of 
lower body reperfusion was then started, which is in total 90 minutes of renal reperfusion.
In group 3 (cold perfusion during renal ischemia), the same operation was performed 
as in group 2, but during 45 minutes of renal ischemia the kidneys were perfused with 
4ºC NaCl 0.9%. At the end of the perfusion period the fluid temperature had risen to 
12ºC.
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Group without renal I/R-injury
In the sham (control)-group the abdomen was opened by midline incision and the aorta 
with their renal arteries and kidneys were exposed as in I/R-groups, but without aortic-
clamping. The same measurements were performed and the experiments were of equal 
duration.

Renal hemodynamics 
Renal artery flow. A flow meter (Transonic-Systems Inc, Ithaca, USA) was secured 
around the right renal artery to measure renal blood flow (mL/minute). Because of 
spatial limitations renal artery flow could not be measured during clamping and in the 
first minutes of early reperfusion.
Renal cortical flux. We measured cortical flow with a laser-Doppler probe (periflux 
4001 master, Perimed, Järfälla, Sweden), which was kept in position during respiratory 
movements with a latex-sheet (Perimed, Järfälla, Sweden) in the middle of the right 
kidney. The probe measures the product-of-velocity and concentration of the moving-
red-blood-cells within a small (<1mm3) volume (expressed in arbitrary perfusion-units, 
PU).

Measurements in plasma samples 
Asymmetrical dimethylarginine (ADMA), arginine, symmetrical dimethylarginine 
(SDMA) and creatinine. These were measured in duplo with HPLC, as described 
previously42. Arteriovenous difference of ADMA, SDMA and arginine indicated kidney 
uptake or release and was calculated as [A]–[RV], where [A]-and-[RV] denote arterial 
and renal vein plasma-concentration respectively. Fractional-extraction was calculated as 
[A]-[RV]/[A]25. Arginine divided by ADMA was called the arginine/ADMA-ratio, which 
determines the bio-availability of NO41. Creatinine clearance (mL/min) was estimated 
with the calculation: [urine creatinine (mg/dL)/ plasma creatinine (mg/dL)] x [totale 
volume (mL)/ time (min)].

Measurements in urine samples
Urine production. Creatinine, urea and sodium excretion in urine. The urine was 
collected after 90 minutes of renal reperfusion and expressed in mL. The excretion of 
creatinine, urea and sodium was measured  in collected urine after 90 minutes of renal 
reperfusion (mg/90 minutes). 

Quantitative immunofluorescence microscopy on harvested kidneys
Of the left kidney 5 µm thick sections were cut, air dried and fixed in 4%-formaldehyde. 
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Fluorescence-staining and image acquisition, processing and analysis were done as 
described previously18. Primary antibodies were dissolved in phosphate-buffered saline 
(PBS). After 1 hour they were exposed to-Alexa-488-labeled-secondary-antibody for-
30-minutes (diluted 1:100 in PBS; Molecular ProbesTM, Eugene, OR). Negative control 
sections were treated the same, but without the primary-antibody. For each fluorescent 
channel, being the blue (DAPI; i.e.cell nuclei), green (FITC; i.e.secondary antibodies) 
and red (Cy3; i.e.Rhodamine-WGA-stained-glycocalyx of cell membranes), 4 images 
were made both with 10x-and 40x-objective-lens (Carl Zeiss) in the following kidney 
areas: cortex, corticomedullary-transition-zone, loops-of-Henle and inner-medulla. 
For quantification of immunofluorescence-levels the sum-intensity of all pixels in the 
selected area was corrected for area size. Correction for non-specific background was 
done by dividing the immunofluorescence-levels of the positive-samples through those of 
the negative controls. Mean-values per rat were used for statistical-analysis. 
Tubular morphology. Forty round, perpendicularly-sectioned-tubules were included to 
measure the tubular lumen. The ratio of lumen/tubule-width was used to define tubular 
dilatation. We also determined flattening of the brushborder with luminal obstruction 
with cell fragments. Data are expressed in percentage of tubules with brushborder 
damage.
Epithelial cell shedding. DAPI-stained nuclei of tubular epithelial cells were counted 
and corrected for the total tissue surface. 
NO-related free radical damage. Nitrosylation of kidney proteins was detected with 
rabbit-anti-nitrotyrosine antibody (A-21285, Invitrogen, diluted 1:50). 
Leukocyte sequestration. The number of CD45-positive cell-nuclei (OX1, 
sc-53045;Santa-Cruz-Biotechnology,diluted 1:50) were counted and expressed per full 
image made with the 10x-objective lens (562798 µm2).
Intercellular adhesion molecule 1 (ICAM-1). ICAM-1 antibody (GeneTex Inc, diluted 
1:50) was used to detect ICAM-1 in endothelial cells of medium to large arteries through 
the whole kidney slice. 
Neutrophil Gelatinase Associated Lipocalin (NGAL) or Lipocalin-2. NGAL antibody 
(M-145, sc-50351; Santa-Cruz-Biotechnology; diluted 1:50) was used to localize 
NGAL in 40 randomly selected tubules in each kidney section. Besides localization, we 
also determined the level of expression. NGAL in urine samples was measured at the 
beginning and end of the experiment with a Rat NGAL ELISA kit (Kit 046, BioPorto 
Diagnostics, Gentofte, Denmark).
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Statistical Analysis.
Statistical program SPSS 15.0 was used. In case of a normal distribution one-way 
ANOVA with post-hoc Bonferroni test was employed to compare 4 groups and T-test 
for 2 groups. In case of a non-normal distribution the Kruskal Wallis and Mann-Whitney 
U tests were used, respectively. Correlations were tested with Spearman’s rank correlation 
(Rs). Wilcoxon test was used for paired data comparisons. Data are expressed as median 
and box-plots (in the figures) or mean±SD (standard deviation). All tests were considered 
statistically significant at p≤0.05. 
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RESULTS
Temperature of the perfusates, renal surface and body 
We succeeded in cooling the kidneys with perfusion of 4ºC saline during renal ischemia 
to a temperature of the external surface of 30.2±1.1ºC, which was significantly different 
when compared to perfusion with 37 ºC saline (33.0±1.1ºC, p=0.005) or no perfusion 
(32.8±1.2ºC; p=0.001). We noticed that at the end of the experiment the renal surface 
temperatures of previous cooled kidneys were increased to 30.8±1.5 ºC, but still 
significantly lower than in the group with warm perfusion of no perfusion, where the 
temperature stayed nearly the same as during renal ischemia. Body temperature had 
dropped from 36.6±0.4ºC to 35.0±0.8ºC at the end of the experiment in all animals 
with no significant differences between the groups. 
The saturation with oxygen of 4 ºC NaCl was 95.5%. After 45 minutes of perfusion the 
temperature of the perfusate increased until 13 ºC with an oxygen saturation of 92.2%. 
If the perfusate had a start temperature of 37 ºC the oxygen saturation was 70.7% ºC, 
which was increased until 76.4% after 45 minutes with a temperature of 23 ºC.

Renal hemodynamics
After placing the proximal clamp above the renal arteries on the suprarenal aorta renal 
artery flow was reduced to almost 0 mL/min and practical no flow was measured in the 
cortex in the group without perfusion during renal ischemia. However, if we perfuse the 
kidneys with warm or cold saline, we measured 1.5 times higher cortical flow during 
renal ischemia (p=0.01 and p=0.009, respectively; Figure 6.1). After 45 minutes of renal 
ischemia, the suprarenal aortic-clamp was replaced under the renal arteries (infrarenal 
aortic-clamping), thus the kidneys were reperfused, while we restore the insertion 
opening of the perfusion catheters in the aorta in the groups who had renal warm or cold 
perfusion. We measured at that time after release of the suprarenal aortic-clamp that the 
cortical flow increased very quickly to higher values in the groups who had renal warm 
or cold perfusion during renal ischemia compared to no perfusion (Figure 6.1). The high 
cortical flow in the groups with warm and cold perfusion stayed even after removal of 
the infrarenal aortic-clamp. At the end of the experiment we measured in the group who 
had 45 minutes of renal ischemia without perfusion 151±34PU (perfusion units), but 
higher values of 195±19PU (p=0.012) in the group who received warm perfusion during 
renal ischemia and 211±39PU (p=0.01) in the groups with cold perfusion. Renal artery 
flow in the I/R-groups tended to show similar changes, although not so outspoken as 
in the cortex. Mean arterial pressure did not show significant differences between the 
I/R-groups; in the latter groups the arterial blood pressure rose from 103±28 mmHg to 
125±28 mmHg during suprarenal aortic-clamping, while it was somewhat lower during 
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infrarenal aortic-clamping (111±57 mmHg) and had a quick drop on infrarenal aortic-
clamp removal to 101±14 mmHg and stayed around 98±28 mmHg during reperfusion 
until the end of the experiment.

Renal tubular damage 
Tubular morphology.
Renal ischemia without perfusion. After 45 minutes of renal ischemia without perfusion 
and subsequently 90 minutes of reperfusion, the proximal tubules showed the most 
morphological changes. Flattening of the brushborder occurred in 28% (range:13-60) 
of the proximal tubules, which means that they are significantly damaged, as the sham 
group did not show flattening of the brushborder (p=0.001). Cell fragments were found 
in the lumen of 15% of the proximal tubules (range:12.5-30) in the group without 
perfusion and in 7.5% (range:0-12.5) in the sham-group (p=0.003), which also indicate 
significant tubular damage.
Renal ischemia with warm or cold perfusion. Cold perfusion during renal ischemia 
resulted in less tubular damage, as expressed by less proximal tubules with obstruction 
of their lumen with cell fragments (Figure 6.2A and 6.3;p=0.024) and two times less 
proximal tubules with flattening of the brushborder when compared to no perfusion 
(p=0.015). Warm perfusion during renal ischemia resulted also in two times less proximal 
tubules with flattening of the brushborder when compared to no perfusion (p=0.038), 
however, it did not lower the presence of cell fragments in the tubular lumen (p=0.95; 
Figure 6.2A). In all 3 I/R-groups the lumina of the proximal tubules were about 2 times 
more dilated when compared to the sham-group (p<0.04); which was not improved by 
perfusion.   
NGAL.
Renal ischemia without perfusion. In the rats with no perfusion the distribution of the 
early marker for renal damage called NGAL (i.e. Lipocalin-2) is irregular with spots with 
higher expression (Figure 6.3), while there is a more homogenously distribution of NGAL 
in the sham-group. NGAL was 1.5 times (range: 1.3-2.4) more expressed after I/R in the 
corticomedullary tubular epithelial cells in the group without perfusion during renal 
ischemia compared to sham (p=0.004), especially in the distal tubule segments mostly in 
Henle’s loops. Remarkably, NGAL was also found in the lumen of 45% (range:18-80) of 
the proximal tubules in the group without perfusion during renal ischemia (Figure 6.2B 
and 6.3; p=0.003). Luminal presence of NGAL correlated with cell fragments found 
in the tubular lumen (Rs=0.66; p<0.001). The ratio of end/beginning of NGAL in the 
urine was 6.2±3.6 in the group without renal perfusion during renal ischemia, while it 
stayed on a ratio of 1.1±0.6 in the sham-group. Urine NGAL was correlated with the 
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expression of NGAL in the distal tubules (Rs=0.47; p=0.01) and also with the presence 
of NGAL in the lumen of the proximal tubules (Rs=0.60;  p=0.001).
Renal ischemia with warm or cold perfusion. The presence of NGAL in the lumen of the 
proximal tubules was only reduced if the kidneys were perfused with cold saline (22%, 
range:12.5-32.5; p=0.034) and not with warm perfusion (57%, range 30-92; Fig.2B 
and 3; p=0.44). However, expression of NGAL in the distal tubular epithelial cells was 
reduced to sham-levels in both groups with warm or cold perfusion during renal ischemia 
(p=0.021; Figure 6.3). Also both groups with warm or cold perfusion during renal 
ischemia decreased the ratio of end/beginning of NGAL in the urine significantly to 
2.1±0.9 (p=0.009) and 1.6±0.5 (p=0.004), respectively, when compared to no perfusion. 
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Figure 6.2. Percentage of tubules with luminal cell fragments (upper panel; A) and luminal 
lipocalin-2 (NGAL, lower panel; B) in the 4 groups indicating tubular damage, i.e. sham (white 
boxes), group 1: 45 minutes renal ischemia without renal perfusion (black checkered boxes), group 
2: 45 minutes renal ischemia with warm perfusion (light dotted boxes) and group 3: 45 minutes 
renal ischemia with cold perfusion (dark lined boxes). Ns=0.44 in upper and 0.95 in lower panel.
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Figure 6.3. Representative images of lipocalin-2 (i.e. NGAL; upper 4 images) and brush border 
with luminal cell fragments (lower 4 images) in the corticomedullary area of the kidney in the 
sham group and 3 JAA-repair groups. Fluorescent images were registered using the green (FITC) 
channel for lipocalin-2 (upper panel) and the red (Cy3) channel for the membranes (lower panel). 
All images are displayed in grey-scale. The white arrow heads point out the flattening of the brush 
border (lower panel). In the sham-group and cold perfusion group there is a more homogenously 
distribution of NGAL in the tubular cells. In the groups with no perfusion or with warm perfusion  
the distribution is irregular with spots with higher expression. The highest expression was seen in 
the distal tubules and Henle’s loops. NGAL is also present in the lumen of the proximal tubules 
in the latter groups, which is not seen in the group with cold perfusion during renal ischemia and 
the sham-group (p<0.035). 
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Oxidative stress 
Renal ischemia without perfusion. After 45 minutes of renal ischemia without perfusion 
and 90 minutes of reperfusion nitrosylation of renal proteins was enhanced in all kidney 
areas compared to sham (p<0.05; Figure 6.4). 
Renal ischemia with warm or cold perfusion. Both groups with warm or cold perfusion 
of the kidneys normalized protein nitrosylation levels to the level of the sham-group in 
all renal areas (p<0.05; Figure 6.4). 

Figure 6.4. Nitrosylation on renal proteins in different areas of kidneys, harvested at the end 
of the experiment in the 4 groups, i.e. sham (white boxes), group 1: 45 minutes renal ischemia 
without renal perfusion (black checkered boxes), group 2: 45 minutes renal ischemia with warm 
perfusion (light dotted boxes) and group 3: 45 minutes renal ischemia with cold perfusion (dark 
lined boxes). Nitrotyrosine-levels in both groups with perfusion were significantly lower than in 
the group without renal perfusion during ischemia (* = p<0.05).
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Renal leukocyte accumulation 
Renal ischemia without perfusion. 45 minutes of renal ischemia without renal perfusion 
resulted at the end of the experiment in significant accumulation of leukocytes in the 
Henle’s loops and medulla (Figure 6.5), with levels more than twice than those in the 
sham (p=0.006). ICAM-1 was either present a lot or absent at the luminal side of the 
endothelium in larger and medium renal arteries throughout the kidney slice. In the 
sham group 50% of these vessels (range: 20-60%) presented ICAM-1 and in the group 
without renal perfusion during ischemia 80% (range: 50-100%; p=0.02).
Renal ischemia with warm or cold perfusion. After both warm and cold renal perfusion 
during renal ischemia accumulation of leukocytes at the end of the experiment was 
absent (p<0.02; Figure 6.5). Both groups with warm and cold perfusion during renal 
ischemia had equally lower numbers of arteries with ICAM-1 than the group without 
renal perfusion during renal ischemia (50%, range: 0-80%; p<0.05).

Figure 6.5. Number of leukocytes per full microscopic image in 4 kidney areas of the 4 groups, i.e. sham 
(white boxes), group 1: 45 minutes renal ischemia without renal perfusion (black checkered boxes), 
group 2: 45 minutes renal ischemia with warm perfusion (light dotted boxes) and group 3: 45 minutes 
renal ischemia with cold perfusion (dark lined boxes). Significant differences (p<0.05) between the 
perfusion groups and the group without renal perfusion during renal ischemia are shown at the top of 
the boxes marked with an asterisk (*).  
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Functional parameters
Creatinine in plasma and creatinine clearance.
Renal ischemia without perfusion. The rise in creatinine-levels in plasma at the end of 
the experiment was significantly higher in the group without renal perfusion during renal 
ischemia (0.46 mg/dL, range: 0.18-0.59) when compared to the sham group (0.03 mg/
dL, range: -0.09-0.09; p=0.002; Figure 6.6). The median creatinine clearance was 0.23 
mL/min (range; 0.12-0.34) in the group without renal perfusion during renal ischemia, 
which was significantly lower than in the sham-group (1.10 mL/min, range:0.99-
1.20;p=0.002; Table 6.1). 
Renal ischemia with warm or cold perfusion. The lowest rise in creatinine-levels in plasma 
was seen after renal perfusion with cold saline when compared to warm saline (p=0.047) 
and no perfusion (0.14 mg/dL, range:0.04-0.32; p=0.007; Figure 6.6). Creatinine 
clearance was also best preserved in the group with cold perfusion during renal ischemia 
(0.54 mL/min,range:0.33-0.74), when compared to no perfusion (p=0.004; Table 6.1).

Urine production; creatinine, urea and sodium excretion after 90 minutes of 
reperfusion.
Renal ischemia without perfusion. The median total urine production after renal ischemia 
without perfusion and 90 minutes reperfusion was 1.6 mL (range:1.00-2.00; Table 6.1). 
Urinary creatinine excretion was significantly lower in the group without renal perfusion 
after 90 minutes of reperfusion (0.23 mg, range:0.14-0.39), when compared to the 
sham-group (0.54 mg, range:0.27-1.64;p=0.009; Table 6.1). Urea and sodium excretion 
were not significantly different between the group without renal perfusion during renal 
ischemia when compared to the sham group (p=0.95 and p=0.23, respectively; Table 
6.1).
Renal ischemia with warm or cold perfusion. Urine production, creatinine, urea and 
sodium excretion in the urine after 90 minutes reperfusion were in the group with cold 
perfusion most towards the values of the sham-group (Table 6.1).
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Figure 6.6. Absolute rise in creatinine level (mg/dL) in the 4 groups, i.e. sham (white boxes), 
group 1: 45 minutes renal ischemia without renal perfusion (black checkered boxes), group 2: 45 
minutes renal ischemia with warm perfusion (light dotted boxes) and group 3: 45 minutes renal 
ischemia with cold perfusion (dark lined boxes). Ns = 0.084. 
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                                                                                          45 min of renal ischemia

                                                               without perfusion with warm perfusion with cold perfusion

Urine production (mL/90 min) 2.10 (0.95-2.40) 1.60 (1.00-2.00) 1.86 (1.00-3.00) 1.81 (1.40-2.00)

Excretion in 90 minutes

Creatinine in urine (mg/90 min) 0.54 (0.27-1.64) 0.23 (0.14-0.39) 0.15 (0.06-0.33) 0.34 (0.26-0.45)

Urea in urine (mg/90 min) 1.01 (0.46-1.15) 0.96 (0.54-1.32) 0.94 (0.48-1.62) 0.97 (0.67-1.30)

Sodium in urine (mg/90 min) 7.24 (3.47-8.50) 5.51 (3.54-6.90) 6.51 (3.24-10.90) 6.57 (4.90-7.26)

Creatinine clearance (mL/min) 1.10 (0.99-1.20) 0.23 (0.12-0.34) 0.17 (0.09-0.23) 0.54 (0.33-0.74)

Mg = milligram, min =  minutes.
Median and range are shown.

Sham

Table 6.1. Urine production and excretion during 90 min of reperfusion and creatinine. 
clearance.

Handling of dimethylarginines. At the beginning of the experiment systemic ADMA, 
SDMA and arginine levels in arterial blood were in all groups at nearly the same values 
as the sham. Samples from the renal vein were only taken at the end of the experiment, 
not at the beginning because of technical difficulties.
Renal ischemia without perfusion. At the end of the experiment we measured ADMA, 
SDMA and arginine levels obtained from the carotid artery and from the renal vein. 
They were significantly changed in the group without renal perfusion during renal 
ischemia, when compared to the sham group (p<0.005). Under normal circumstances 
the kidneys extract ADMA and SDMA as seen in the sham group, meaning that the 
arteriovenous differences and fractional extraction have positive values (Table 6.2). In 
the group without renal perfusion during renal ischemia ADMA and SDMA were not 
extract anymore (p<0.001) and release of arginine was more pronounced (Table 6.2 ). 
Also the ratio of arginine/ADMA in the carotid artery and renal vein, which defines the 
bio-availability of NO, was significantly lower than in the sham-group (p<0.001; Figure 
6.7). The arginine/ADMA-ratio correlated with the flow measured in the cortex of the 
kidney (Rs=0.56; p=0.002; Figure 6.7), with the rise in creatinine-levels (Rs= -0.77; 
p<0.001), with luminal NGAL (Rs= -0.66; p<0.001) and with urine NGAL (Rs=-0.67; 
p<0.001).
Renal ischemia with warm or cold perfusion. ADMA, SDMA and arginine-levels were 
most towards sham-levels in the group with cold perfusion during renal ischemia. ADMA 
and SDMA were still extracted by the kidneys who had received cold saline perfusion 
during ischemia as the fractional extractions were positive. 
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This function was lost if the kidneys were perfused with warm saline (negative fractional 
extraction values). The highest arginine/ADMA-ratio was found in the group with cold 
perfusion during renal ischemia when compared to warm or no perfusion (p<0.04; 
Figure 6.7). 

Values at the end Sham Without perfusion With warm perfusion With cold perfusion

ADMA (µmol/L)

A 0.782±0.119 1.036±0.158 0.956±0.156 0.929±0.104

RV 0.491±0.028 1.183±0.157 1.016±0.136 0.922±0.074

A-RV 0.291±0.119 -0.146±0.163 -0.060±0.121 0.007±0.152

A-RV/A (RE) 0.36±0.09 -0.16±0.21 -0.07±0.14 0.01±0.15

SDMA  (µmol/L)

A 0.373±0.041 0.509±0.080 0.435±0.077 0.389±0.099

RV 0.317±0.024 0.546±0.072 0.466±0.099 0.368±0.107

A-RV 0.056±0.042 -0.037±0.040 -0.031±0.047 0.022±0.018

A-RV/A (RE) 0.15±0.09 -0.08±0.08 -0.07±0.12 0.06±0.05

Arginine (µmol/L)

A 95.2±12.0 34.8±15.7 65.5±23.7 84.6±18.3

RV 111.0±17.1 52.7±25.3 71.9±24.5 94.6±28.7

A-RV -15.8±13.2 -17.9±12.5 -6.4±17.7 -10.0±20.4

A-RV/A (RE) -0.17±0.13 -0.48±0.28 -0.14±0.24 -0.13±0.24

Arterial samples were obtained from the carotid artery (A) and venous samples from the renal vein (RV). 
ADMA = asymmetrical dimethylarginine, SDMA = symmetrical dimethylarginine. Arteriovenous di� erence of ADMA, 
SDMA and arginine indicated the uptake or release by the kidney and was calculated as [A] – [RV]. RE= renal extraction: 
fractional extraction rates for ADMA, SDMA and arginine were calculated as [A] – [RV] / [A]. Negative fractional 
extraction indicates generation and positive fractional extraction indicates renal extraction of ADMA, 
SDMA and arginine. Given are means±SD in µmol/L.

Table 6.2. Endogenous nitric oxide parameters in all 4 groups.
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DISCUSSION
In the present study, we showed that cold perfusion of the kidneys during renal 
ischemia resulted in low presence of NGAL in the proximal tubular lumen, which was 
homogenously distributed and preservation of renal function, as reflected by lower 
creatinine-rises in the early onset of renal I/R-injury. In addition, renal extraction of 
dimethylarginines was maintained, resulting in a higher arginine/ADMA-ratio (bio-
availability of nitric oxide) when compared to warm perfusion or no perfusion during renal 
ischemia. Arginine/ADMA-ratio was strongly correlated with renal cortical flow, but also 
with luminal NGAL, urine NGAL and rises in creatinine-levels. Continuous perfusion 
of saline per se through the renal arteries during renal ischemia had a beneficial effect 
on inflammation parameters, such as diminished leukocytes infiltration and expression 
of ICAM-1 in the kidneys, low nitrosylation of renal proteins and less expression of 
NGAL in the distal tubules and urine NGAL. Cortical flow at the end of the experiment 
recovered to near baseline levels in the groups with renal cold or warm perfusion during 
renal ischemia. However, urine output in both latter groups was improved, it was not 
significant. Besides the beneficial effects of perfusion and cooling, we found a difference 
in the localization of NGAL after renal I/R-injury during aortic repair. Usually NGAL 
is homogenously distributed, however in the groups with no perfusion or with warm 
perfusion the distribution is irregular with spots with higher expression. Also NGAL is 
mostly expressed in the distal tubule segments mostly in Henle’s loops in the latter groups 
and a remarkable result is that NGAL is highly present in the lumen of the proximal 
tubules in the latter groups. Both latter findings were correlated with urine NGAL. Our 
examination of the influence of warm or cold perfusion during renal ischemia could 
provide more insight on some aspects of the pathophysiological mechanisms, that are 
involved in the early onset of renal I/R-injury during aortic repair. 

If we speculate on the cause, it has been shown before that hypothermia reduces cell 
metabolism, metabolic activity and consumption of oxygen and ATP38. Renal oxygen 
consumption is reduced to 40% when the renal parenchyma is cooled to 30 ºC, to 15% 
at 20 ºC, and to less than 5% at 10 ºC 6, 11, 20, 39, 49. Also milder disruption in proximal 
tubules have been seen after 48 hours of cold ischemia compared to warm ischemia48, but 
glomerular podocytes and peritubular endothelial cells were damaged after cold ischemia. 
The effect of body temperature alone has also an effect on the outcome in creatinine 
level after renal ischemia-reperfusion injury. Relative hypothermia of the whole body 
could result in reduction of renal injury and relative hyperthermia in more severe renal 
injury5. In our study the surface temperature of the kidney dropped significantly to a 
median of 30ºC during renal cold perfusion compared to the other groups, but did 
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not significantly change the body temperature. Previous patient studies showed similar 
results. A bair hugger (Medeco BV, the Netherlands) was used during surgery to keep the 
body temperature stabile. Nearly the same body temperature in patients were found in 
the group with and without renal cooling during ischemia. So the additional protective 
effect of hypothermia is probably due to the local application of renal cooling. However, 
the internal temperature is probably not well reflected by the surface temperature, which 
we measured. It seems unlikely that a few degrees difference measured on the surface 
could lead to such histological and physiological differences.

The thought that perfusion could have an additional beneficial effect to hypothermia 
alone, has emerged from studies on organ preservation in renal transplantation. It has 
been suggested that organ preservation by hypothermic machine perfusion is able to 
improve cell vitality in comparison with cold storage17. Continuous cold perfusion could 
provide a more homogeneous and rapid hypothermia of 15-20 ºC22, 38. However, it has 
also been shown that hypothermia by applying the ice slush on the renal surface seems 
to be equivalent to cold perfusion1, 38. In case of aortic repair the kidneys are not fully 
exposed for surface cooling, besides that, the perfusion catheters could be easily inserted 
from within the opened aneurysm. Therefore antegrade renal perfusion is a valid option. 
However, it is likely that the temperature of the cold perfusate will gradually be warmed 
up after 45 minutes reaching a level near to room temperature. In previous patient 
studies measurement of the temperature of this solution at the point of entrance into the 
kidney revealed a rise from 4ºC in the beginning to 15 ºC at the end of the perfusion 
46,47. In this study we also found that the perfusate changes in temperature and oxygen 
saturation during the perfusion period. The saturation with oxygen was higher in cold 
NaCl. Oxygenation levels could be one of the factors that enhances protection. This 
study supports the protective effect of perfusion and highlights the additional effect of 
hypothermia. 

In the present study, nitrosylation of renal proteins was in both perfusion groups equally 
reduced in especially the medulla compared to the group without renal perfusion. Earlier 
reports have shown opposite effects of hypothermia on oxidative stress, however, we 
showed that warm perfusion could also reduce nitrosylation of renal proteins. Several 
studies investigated the role of reactive oxygen species (ROS) in reperfusion injury after 
cold preservation of the kidney in transplantation surgery. Peters et al. suggested that cell 
injury is caused by ROS-formation after cold renal preservation28. Other studies have 
shown a clear protective effect of hypothermia on cells that are exposed to cold storage 
and showed that they could sustain mitochondrial injury and cell death34, 35. 

new chapter 6a.indd   131 12-12-12   11:37



Chapter 6  |  Hypothermic renal perfusion during aortic surgery preserves renal function in rats.

132

Hypothermic renal perfusion during aortic surgery preserves renal function in rats  |  Chapter 6

Another study still demonstrated significant renal damage after 40 minutes of cold renal 
preservation via pulsatile perfusion with 4ºC of University of Wisconsin solution and they 
observed increased renal oxidant production assessed by nitrotyrosine immunohistology 
33.  

Increased expression of lipocalin 2 (NGAL) has been found under various 
pathophysiological conditions and appears to be a powerful, early marker for renal 
damage9. Its expression can be induced by ROS32 and NGAL may ameliorate renal 
damage23. NGAL binds low molecular weight ligands, such as heme, and forms a 
complex with iron-binding siderophores, which may facilitate the removal of excess 
intracellular iron, thereby limiting oxidant mediated apoptosis of renal tubular cells9. 
Roudkenar et al. showed that NGAL may improve cell proliferation and preservation in 
order to prevent cold ischemia injury in transplantation surgery31. It has been suggested 
that NGAL protects cells and therefore is upregulated during cold stress, when free iron 
and free radicals are released31. Induction of NGAL can be observed in reperfusion injury 
caused by a sudden increase in ROS31. Our data reveal that cold perfusion of the kidneys 
did not result in upregulation of NGAL in the tubular epithelial cells. However, this is an 
in situ situation (as in JAA-repair) which differs from kidney transplantation. Although 
NGAL was present in the tubular lumen in the cold perfusion group, concentrations 
were significantly lower compared to the warm perfusion and no perfusion group. It is 
possible that less ROS is formed in the cold perfusion group and, therefore, less NGAL 
is formed in light of a protective role of NGAL. We showed that warm perfusion also 
prevented high expression of NGAL in the distal tubules, but not the presence of NGAL 
in the tubular lumen.  However, urine NGAL was also lowered after warm perfusion, 
but mostly after cold perfusion during renal ischemia when compared to no perfusion. 
Kuwabara et al.16 showed that expression of NGAL in the distal tubule segments is seen 
after post-renal acute kidney injury. However, they also showed failure of reabsorption of 
NGAL by the proximal tubule, resulting in altered sparse distribution, which actually is 
mainly seen after chronic kidney disease. Our results showed both alterations of NGAL-
expression in the distal tubule segments but also features of chronic kidney failure such as 
sparse distribution with spots of high expression and luminal obstruction in the proximal 
tubule. Therefore postoperative renal failure after juxtarenal aortic aneurysm shows 
beginning features of chronic kidney failure, which is prevented by renal cooling during 
renal ischemia. On the other hand, the changes in NGAL-expression and distribution 
could be transient. Unfortunately, we focused only on early renal damage after 90 minutes 
of reperfusion. It would be interesting to investigate the interaction between NGAL and 
ROS after a longer reperfusion period in a future study. 
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Urine output was not enormously different between the groups, which could be therefore 
not suitable for early detection of  renal damage, as in this early stage intervention is 
desirable, NGAL might be a better marker.

Leukocytes have been suggested to play an important role in renal ischemia-reperfusion 
injury10. Ischemic kidneys cause neutrophil retention and activation, which is mediated 
by oxygen metabolites and ICAM-1. Hypothermia alone has been shown before to 
significantly reduce the inflammatory process in ischemic mice4 and less neutrophil 
infiltration in a longer renal reperfusion period in mice with ischemia at 32ºC compared 
to 37 ºC 7. We did not find this additional effect of renal hypothermia, because the 
leukocyte counts were already lowered by renal perfusion regardless of temperature.

High ADMA-levels after renal I/R-injury has been reported by Li Volti et al21. However, 
we found that cold perfusion during renal ischemia seems to reduce ADMA- and 
SDMA-levels when compared to warm perfusion or no perfusion during renal ischemia. 
Cold perfusion during renal ischemia preserved renal function as the kidneys maintain 
the capacity to extract dimethylarginines. This may have prevented the uncoupling of 
nitric oxide synthase (NOS), which prevented the production from NO to superoxide2, 

43. It may also be the case that less ROS is formed after renal cooling and the enzyme 
dimethylarginine dimethylaminohydrolase (DDAH) is still capable of eliminating 
ADMA via breakdown27. Renal cooling during ischemia is capable of maintaining 
ADMA-levels low, which is important as it has been shown that low arginine plasma levels 
in combination with high ADMA-levels deteriorate systemic hemodynamics30 and high 
ADMA-levels are associated with ICU-mortality26. It is known that ADMA compromises 
the integrity of the glomerular filtration barrier by altering the bioavailability of nitric 
oxide40. In our study the arginine/ADMA-ratio was strongly correlated with the rise 
in creatinine-levels, the presence of NGAL in the tubular lumen and urine NGAL. 
Besides ADMA, SDMA-levels have also been suggested as an excellent marker for renal 
function30. We found a significant increase in SDMA-levels after renal I/R-injury, which 
were decreased in the group with renal cold perfusion during renal ischemia. 
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In summary, the present study shows that cold perfusion during renal ischemia could 
preserve renal extraction of dimethylarginines, resulting in a high arginine/ADMA-
ratio, which is highly correlated with cortical flow. Cold perfusion during renal ischemia 
reduces kidney damage, as reflected by low creatinine-rises and low presence of NGAL in 
urine, which are also correlated with the arginine/ADMA-ratios. Continuous perfusion 
with saline per se through the renal arteries, regardless of warm or cold perfusion, 
has a protective effect during aortic surgery, which is reflected by reduced leukocyte 
accumulation in the kidneys, less nitrosylation of renal proteins with a better recovery 
of cortical flow at the end of the experiment compared to no perfusion. Besides these 
results, this study showed that if the kidneys were not cooled, both alterations of NGAL-
expression in the distal tubule segments but also features of chronic kidney failure of 
NGAL such as altered distribution were present, which were highly correlated with urine 
NGAL. These data support the use of hypothermic renal perfusion during aortic surgery 
to further reduce renal damage when renal ischemia is inevitable. 
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ABSTRACT
Introduction.
Juxtarenal aortic aneurysm (JAA)-repair requires suprarenal aortic-cross clamping 
above the renal arteries but below the superior mesenteric artery (SMA). This 
causes renal ischemia-reperfusion injury (I/R-injury), which might be followed 
by multiple organ failure (MOF) in which sigmoid colon damage is a serious 
complication. Cold perfusion of the kidneys during JAA-repair has been shown to 
reduce postoperative renal failure and possible MOF and mortality. Our purpose 
of the study is to show the possible association of kidney function and sigmoid 
colon injury. 
Methods. 
We investigated sigmoid colon injury in a simulation model of JAA-repair in rats in 
which 45 minutes suprarenal aortic-clamping was followed by 90 minutes of renal 
reperfusion (group 1). We perfused the kidneys with warm (37ºC; group 2) or cold 
(4ºC; group 3) saline during renal ischemia, which influenced renal outcome. The 
sham-group did not receive aortic-clamping. We determined creatinine-levels and 
renal tubular damage. We measured microcirculatory flow in the sigmoid, systemic 
arginine and asymmetrical dimethylarginine (ADMA)-ratio (represents the bio-
availability of nitric oxide (NO)), leukocyte counts, Intestinal Fatty Acid Binding 
Protein (I-FABP)-expression, protein nitrosylation and intercellular adhesion 
molecule-1 (ICAM-1)-expression in the sigmoid. 
Results. 
Postoperative creatinine-rises and renal tubular damage were lowered by renal 
warm, but mostly by cold perfusion (P<0.02). Sigmoid colon injury was observed 
in all renal ischemia-reperfusion groups. The creatinine-rises and renal tubular 
damage were correlated with I-FABP expression in the sigmoid (Rs=0.63, P<0.001). 
Cold perfusion during renal ischemia reduced I-FABP expression, leukocyte 
accumulation and ICAM-1 in the sigmoid. Renal preservation with cooling 
preserved the arginine/ADMA-ratios at high levels, which resulted in higher bio-
availabitliy of NO and this was highly correlated with microcirculatory flow in the 
sigmoid colon (Rs=0.82, P<0.001). 
Conclusions.
Renal deterioration could be related with early signs of sigmoid colon injury. 
Prevention of renal damage is necessary during vascular surgery and could be 
effective in preventing MOF.

Keywords: vascular surgery; colon damage; renal failure; multiple organ failure; 
renal hypothermia; renal ischemia-reperfusion injury; oxidative stress; I-FABP.
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INTRODUCTION
Ischemia of the colon is a potentially fatal complication of abdominal aortic aneurysm 
(AAA)-repair. Its incidence varies in the literature between 5- 10% after elective repairs 
and 10 - 60% after ruptured abdominal aortic aneurysm (rAAA) repairs1,6. High mortality 
rates are associated with colon ischemia when transmural necrosis is present 2,4,6,7, hence, 
it is an important complication to prevent. The ischemic lesions of the colon are most 
often located in the sigmoid and are usually due to an inadequate collateral blood flow 
from the superior mesenteric artery (SMA) and the hypogastric arteries to the sigmoid2,3. 
During AAA-repair the inferior mesenteric artery will be sacrificed. Reimplantation 
of the inferior mesenteric artery has been advocated to reduce the incidence of colon 
damage, however, studies have shown that this procedure does not guarantee prevention 
of colon damage8. Even more hazardous is surgical treatment of juxtarenal aortic 
aneurysms (JAAs), since it requires suprarenal cross-clamping, although still beneath 
the SMA, which may cause renal ischemia-reperfusion injury (I/R-injury) besides colon 
damage5,9. It has been noted that in critically ill patients acute renal failure adds more 
than its own share to morbidity10,13, and that the kidney is not just a passive bystander 
but a driving force of a detrimental spiral leading to multiple organ failure (MOF)10. 
In an earlier study in patients we observed that hypothermic renal perfusion during 
suprarenal aortic-clamping during JAA-repair prevented MOF and sigmoid colon injury 
11. Hence, the aim of this study was to show the possible association of kidney function 
and sigmoid colon injury in a simulation model of JAA-repair in rats. The second aim 
of this study was to shed light on one of the possible mechanisms of the protective effect 
of renal hypothermic perfusion on prevention of colon injury during JAA-repair. We 
hypothesized that this might be related to better perfusion of the microcirculation in 
the colon wall, for which proper availability of NO will be important. Asymmetrical 
dimethylarginine (ADMA) is an endogenously inhibitor of nitric oxide (NO) synthase 
and normally ADMA is excessively eliminated by the kidneys14,16. It has been shown that 
low arginine plasma levels in combination with high ADMA-levels deteriorate systemic 
hemodynamics in several organs, as in kidneys and colon15 and is an independent risk 
factor for mortality in critical ill patients14. Bio-availability of NO is among others 
determined by the ratio in systemic blood of the arginine concentration, the precursor 
of NO, and ADMA. Therefore, we investigated systemic arginine/ADMA ratios and we 
measured laser Doppler-flux in the sigmoid. In patients postoperative intestinal ischemia 
is identified by sigmoidoscopy and histological evaluation of the sigmoid mucosa17,19. 
We determined the expression of Intestinal Fatty Acid Binding Protein (I-FABP) in the 
sigmoid, leukocyte accumulation and nitrosylation of proteins in the sigmoid. 
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I-FABP is a 14-15 kD (kilo Dalton) cytoplasmic protein and can be found in the 
enterocytes, which constitute the epithelial layer of the intestinal mucosa. I-FABP has 
been suggested as a representative marker for intestinal mucosal injury20,24.   
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MATERIALS AND METHODS
Experimental protocol
All animal surgery and care were performed according to established guidelines 
and approved by the Animal Ethical Commission, VU University Medical Center, 
Amsterdam, Netherlands. Adult male Wistar rats (350g; Harlan) were used to form 4 
groups of 7 rats each (n=28 in total; see below). All rats were anaesthesized by Temgesic 
0.03 mL intramuscularly and Isoflurane 4.0%. They were then intubated and ventilated 
(Merlin Small Animal Ventilator, Ventronic services, Devon, United Kingdom) with 
~50% oxygen-air mixture, depending on their blood values. Anesthesia was maintained 
with continuous Isoflurane 1.5–2.0%. Rats were placed on a heated platform and 
covered with warm blankets, while their body temperature was continuously monitored 
by a rectal probe to maintain it around 36.0ºC. The right jugular vein and left carotid 
artery were cannulated, heparinized (100U/kg) and connected to a Ringer’s lactate 
pump (2mL/hour) and blood pressure analyzer, respectively. After midline incision the 
intestines were moved aside in order to free the abdominal aorta. A stabilizing control 
period of 30 minutes was then applied in all groups.

In all groups blood samples (0.3mL) were taken from the carotid artery at the start and 
at the end of the experiment. The same amount of fluid as colloid suspension (Voluven, 
Fresenius Kabi, ‘s Hertogenbosch, Netherlands) was infused after each blood sample. 
Blood was centrifuged at 7000 rates per minute (rpm) for 15 minutes; at the end of the 
experiment blood plasma, kidneys and sigmoids were stored at  -80ºC until analysis.

JAA-repair –groups with renal ischemia-reperfusion (I/R)
Group 1 (without perfusion during renal ischemia). JAA-repair was simulated in rats 
25. An aortic-cross clamp was placed above the renal arteries on the suprarenal aorta for 
45-minutes. We also placed a distal clamp on the aortic bifurcation (this is needed in 
patients for reconstructing the aneurysm without backbleeding). After 45 minutes of 
renal-ischemia, the suprarenal-aortic-clamp was replaced to the infrarenal aorta below the 
renal arteries to start renal-reperfusion. After 20-minutes of infrarenal-aortic-clamping 
(mean-clinical-time to perform the distal-anastomosis)11,26, the infrarenal-aortic-clamp 
and distal clamp were both removed and reperfusion continued for 70-minutes, which 
is in total 90 minutes of renal reperfusion. All rats in this group received 6 mL saline 
intravenously during aortic clamping in order to standardize the total volume received as 
in group 2 and 3, while blood pressures were observed carefully. 
Group 2 (warm perfusion during renal ischemia). After placement of the suprarenal 
and distal aortic-clamp (see group 1), the aorta was opened to insert a small catheter just 
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near the opening of both renal arteries for perfusion of both kidneys with 37ºC saline 
during the 45 minutes of renal ischemia. First a bolus of 2 mL was given to instantly 
perfuse the kidneys, and then a perfusion pump (5 mL/hour) was connected to the 
cathether. After 45 minutes of renal ischemia the perfusion catheter was removed and 
the suprarenal aortic clamp was replaced to the infrarenal aorta below the renal arteries in 
order to restore renal blood flow. During subsequent 20 minutes of infrarenal clamping 
the insertion opening of the perfusion catheter in the aorta was restored with 9-0 Ethilon 
(Ethicon, INC, New Jersey, USA). Thereafter the infrarenal aortic-clamp and distal 
aortic-clamp were removed and 70 minutes of lower body reperfusion was then started (a 
total of 90 minutes renal reperfusion).
Group 3 (cold perfusion during renal ischemia). The same operation was performed 
as in group 2, but during 45 minutes of renal ischemia the kidneys were perfused with 
4ºC saline. 
Clamp times, perfusion times and type of perfusion fluid were chosen based on our 
earlier patient studies and animal studies, which showed that cold renal perfusion is 
effective11,25,26.
Group without renal I/R-injury
In the sham (control)-group the abdomen was opened by midline incision and the 
aorta, renal arteries and kidneys were exposed as in the JAA-repair groups, but without 
aortic-clamping. The same measurements were performed and the experiments were of 
equal duration.

Measurements in plasma
Asymmetrical dimethylarginine (ADMA), arginine and creatinine. 
These were measured in the carotid artery blood in duplo with high performance liquid 
chromatography (HPLC), as described previously25. Arginine divided by ADMA was 
called the arginine/ADMA-ratio, which determines the bio-availability of NO27.

Laser Doppler flux in the sigmoid (microcirculatory flow)
We measured laser Doppler flux (periflux 4001 master, Perimed, Järfälla, Sweden) on 
10 consecutive points on the surface of the sigmoid at the beginning and end of the 
experiment. This flux measurement yields the product-of-velocity and concentration of 
the-red-blood-cells moving within a small (<1mm3) tissue volume (expressed in arbitrary 
perfusion-units, PU). For analysis we calculated the mean value per rat and divided the 
end value by the start value. 
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Assessment of damage and inflammation in the sigmoid
Quantitative immunofluorescence microscopy.
The kidney and sigmoid samples were cut into 5 µm thick cryosections. These sections 
were fixed in 4% formaldehyde solution (Sigma-Aldrich, St. Louis, MO) with phosphate-
buffered-saline (PBS) for 10 minutes at room temperature. After fixation the sections were 
washed three times in PBS with 0.05% Tween (PBST, Sigma-Aldrich) for 5 minutes. For 
fluorescent staining, the sections were then incubated with a primary antibody diluted 
in PBS for one hour at room temperature (for type and dilution: see hereafter). After 
this incubation the sections were washed three times with PBST for 5 minutes at room 
temperature and were incubated with an Alexa 488 labeled secondary antibody (for type 
per staining see hereafter) for 30 minutes at room temperature at a dilution of 1:100 
in PBS. Negative control sections were treated in the same way, but did not receive 
the primary antibody. After incubation with the secondary antibody the sections were 
washed three times in PBST for 3 minutes and stained for 20 minutes with Wheat 
Germ Agglutinin (WGA) labeled with Rhodamine at a dilution of 1:50 in PBS. Then 
the sections were washed two times with PBST and one time with PBS for 3 minutes 
at room temperature. Finally, the sections were stained and sealed with cover slips and 
Vectashield®, Hard Set™ Mounting Medium with 4’,6-diamidino-2-phenylindole (DAPI, 
which stained nuclei), H-1500 (Vector Laboratories, Inc, Burlingame, CA, USA).
The slides were examined with a Zeiss Axiovert 200M Marianastm inverted microscope, 
equipped with a stepper-motor (z-axis) increments: 0.1 µm and a turret of four 
epifluorescence cubes (fluorescein isothiocyanate [FITC], cyanine dyes [Cy-5 and Cy-
3], aminomethylcoumarin acetate [AMCA] as well as a differential interference contrast 
[DIC] brightfield cube). With a cooled charge-coupled device (CCD) camera (Cooke 
Sensicam SVGA [Cooke Co., Tonawanda,NY] 1.280 x 1.024 pixels) images were 
recorded with true 16-bit capability. The Marianas digital imaging system was controlled 
by Slidebooktm (Slidebooktm version 4.1.0.10 software [Intelligent Imaging Innovations, 
Inc, Denver, CO, USA]. For each fluorescent channel, being the blue (DAPI; i.e. cell 
nuclei), green (FITC; i.e. secondary antibodies) and red (Cy3; i.e. Rhodamine-WGA-
stained-glycocalyx of cell membranes) images were made both with a 10x-and a 40x-air 
objective lens (Carl Zeiss). By using Slidebook’s masking and statistical functions 
(Slidebook™ 4.1.0.10 software), the digital images could be filtered with computer 
algorithms. For quantification of immunofluorescence-levels the sum intensity of all pixels 
in the selected area was corrected for area size. Correction for non-specific background 
was done by dividing the immunofluorescence-levels of the positive-samples through 
those of the negative controls. Mean-values per rat were used for statistical-analysis.
Leukocyte sequestration in the sigmoid. Leukocytes were detected using CD45 
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antibody (OX1, sc-53045, Santa Cruz Biotechnology, diluted 1:50), and were counted 
in the images of the mucosa, which were made with the 10x objective lens. 
Intercellular adhesion molecule 1 (ICAM-1) in the sigmoid. ICAM-1 antibody 
(GeneTex Inc, diluted 1:50) was used to detect ICAM-1 through the whole sigmoid 
section.  
Intestinal Fatty Acid Binding Protein (I-FABP) in the sigmoid. I-FABP-staining was 
performed with rabbit polyclonal Immunoglobulin G (IgG) antibody (I-FABP, HP9021, 
Hycult biotechnology, Uden, The Netherlands) at a dilution of 1:25 in PBS. Images of 
the enterocytes for each I-FABP stained section were made with a 40x air lens.
Nitrosylation of proteins in the sigmoid. Nitrosylation of proteins was detected with 
rabbit-anti-nitrotyrosine antibody (A-21285, Invitrogen, diluted 1:50). Images of the 
enterocytes and mucosa for each I-FABP stained section were made with a 40x air lens.
Renal tubular morphology. Cryosections of the kidneys were made as described above 
and studied with the same microscope. Forty round, perpendicularly sectioned-renal 
tubules were included to determine flattening of the brushborder and possible luminal 
obstruction by cell fragments. Data is expressed in percentage of tubules with brushborder 
damage.

Statistical analysis.
Statistical-program-SPSS-14.0 (SPSS Inc, Chicago, Illinois) was used for analysis of 
data and to produce the figures. In case of a normal distribution data are expressed 
as mean±SD (standard-deviation) and one-way ANOVA with post-hoc-Bonferroni test 
was used to compare all 4 groups, and a T-test for 2 groups. In case of a non-normal 
distribution data are expressed as median with ranges and the Kruskal Wallis test was 
used to compare all 4 groups, and Mann-Whitney U test for 2 groups. Wilcoxon-test was 
used to compare paired-data. Correlations were tested with Spearman’s rank-correlation 
(Rs). Tests were considered statistically significant at P≤.05.
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RESULTS
The effect of renal perfusion with saline during renal ischemia. Renal outcome.
After 45 minutes of renal ischemia without perfusion and subsequently 90 minutes 
of reperfusion, significant renal damage was seen as expressed in flattening of the 
brushborder in 39% (range: 20-60) of the tubules, while the sham-group did not have 
any brushborder damage. Also a 3 times higher increase in plasma creatinine-levels from 
start till the end of the experiment was seen when compared to the sham-group (P=.002). 
Perfusion with saline through the renal arteries successfully influenced the outcome 
in tubular morphology and creatinine-rises. Warm perfusion during renal ischemia 
resulted in obstruction of the lumen of the tubules with cell fragments in 15% (range: 
8-38) of the tubules and cold perfusion during renal ischemia in 11% (0-30), which 
was significantly less when compared to no perfusion (P=.05 and P=.018, respectively). 
Warm renal perfusion reduced the increase in creatinine level to 1.5 times less than in 
the group without perfusion (P=.07), but cold renal perfusion reduced this increase even 
more to 2 times less than in the group without perfusion (P=.013; Table 7.1).  

Measurements in the sigmoid colon
Arginine/ADMA-ratio and microcirculatory flow in the sigmoid.
At the beginning of the experiment the systemic arterial ADMA and arginine levels were 
in all groups at nearly the same values as the sham. Under normal circumstances the 
kidneys have a function in regulating the systemic ADMA and arginine-levels.
JAA-repair without renal perfusion. At the end of the experiment ADMA-levels obtained 
from the carotid artery were significantly higher in the group without renal perfusion 
during renal ischemia (P<.001) and arginine-levels were significantly lower (P<.001; Table 
7.1). The arginine/ADMA-ratio was significantly lower in the latter group compared to 
the sham-group (P<.001; Table 7.1). 
The microcirculatory flow on the surface of the sigmoid was significantly decreased 
(p<0.001; Table 7.1) and correlated with the arginine/ADMA-ratio (Rs=.85, P<.001; 
Figure 7.1). 
JAA-repair with warm or cold renal perfusion. ADMA, arginine-levels and arginine/
ADMA-ratios were most towards sham-levels in the group with cold perfusion during 
renal ischemia (Table 7.1). Renal preservation with cooling preserved the arginine/
ADMA-ratios at a high level, which was significantly correlated with the flow measured 
on the surface of the sigmoid (Rs=.85, P<.001; Figure 7.1).   
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Group Sham
I/R I/R I/R 

without perfusion with warm perfusion with cold perfusion

Absolute rise from start until the end of the experi-
ment in plasma Creatinine (mg/dL) 0.002±0.064 0.404±0.1763 0.271±0.109 0.159±0.086

Arginine at the end of the experiment (µmol/L) 95.5±10.4 41.5±11.2 65.6±23.9 84.6±18.3

ADMA at the end of the experiment (µmol/L) 0.798±0.128 1.110±0.075 0.956±0.156 0.929±0.104

Arginine/ADMA-ratio at the end of the experiment 122±22 38±10 70±27 91±19

Change in � ow end/start in the sigmoid 0.92±0.03 0.21±0.03 0.67±0.08 0.80±0.10

Absolute rise in plasma Creatinine levels (mg/dL), arterial arginine-levels, asymmetrical dimethylarginine (ADMA)-levels, arginine/
ADMA-ratio and ratio of end/start � ow on the surface of the sigmoid in the 4 groups, i.e. sham, ischemia-reperfusion (I/R) of the 
kidneys without perfusion during renal ischemia, renal ischemia with warm perfusion and renal ischemia with cold perfusion

Table 7.1. Absolute rise in plasma Creatinine levels (mg/dL), arterial arginine-levels, asymmetrical 
dimethylarginine (ADMA)-levels, arginine/ADMA-ratio and ratio of end/start flow on the surface 
of the sigmoid in the 4 groups, i.e. sham, ischemia-reperfusion (I/R) of the kidneys without 
perfusion during renal ischemia, renal ischemia with warm perfusion and renal ischemia with cold 
perfusion.

Figure 7.1. Correlation between arginine/asymmetrical dimethylarginine (ADMA) -ratio and 
flow on the surface of the sigmoid. Crosses=sham-group, filled black dots=group without renal 
perfusion during renal ischemia, triangles= renal perfusion with warm saline during renal ischemia, 
open white dots= renal perfusion with cold saline during renal ischemia. Rs=0.85, P<.001).
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Leukocyte accumulation and ICAM-1 in the sigmoid 
JAA-repair without renal perfusion. After 45 minutes of renal ischemia without renal 
perfusion leukocyte numbers in the mucosa were significant increased (P=.004; Figure 
7.2 and 7.3). ICAM-1 expression in the sigmoid was 1.6 times increased when compared 
to sham (P=.019). Leukocyte accumulation was correlated with creatinine-rises (Rs=.47, 
P=.012) and renal brushborder damage (Rs=.45, P=.019). 
JAA-repair with warm or cold renal perfusion. Warm and cold perfusion of the kidneys 
significantly reduced leukocyte accumulation in the mucosa of the sigmoid (P=.006 and 
P=.018, respectively; Figure 7.2 and 7.3). ICAM-1 was only significantly decreased to 
sham-levels in the group with cold renal perfusion during ischemia (P=.019), but not in 
the group with warm renal perfusion (P=.62). 

Expression of I-FABP in the sigmoid
JAA-repair without renal perfusion. I-FABP expression, a representative marker for 
intestinal mucosal injury, was significantly increased in the enterocytes of the sigmoid 
after 45 minutes of renal ischemia without renal perfusion when compared to the sham-
group (P=.002; Figure 7.4). I-FABP was significantly correlated with the leukocyte 
counts (Rs=.46, P=.014), creatinine-rises (Rs=.63, P<.001; Figure 7.5) and brushborder 
damage (Rs=.41,P=.033). Both arginine/ADMA-ratio and flow correlated inversely with 
the I-FABP expression (Rs= -.45, P=.015 and Rs= -.59, P=.001, respectively).
JAA-repair with warm or cold renal perfusion. Warm and cold perfusion of the kidneys 
during renal ischemia significantly reduced the expression of I-FABP (P=.007 and 
P=.002, respectively; Figure 7.4 and 7.5). The enterocytes in the sham-group and in 
the group with cold perfusion during renal ischemia were more likely to have their 
I-FABP clustered in small granules, while in the groups without perfusion or warm renal 
perfusion they seemed more diffusely spread through the enterocytes (Figure 7.4). 

Nitrosylation of proteins in the sigmoid
We did not measure differences in nitrosylation of proteins in the sigmoid at the end 
of the experiment when compared to sham. Also warm or cold perfusion during renal 
ischemia showed no effects on nitrosylation of proteins in the sigmoid.
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Figure 7.2. Leukocyte accumulation detected with CD45-antibody. The left panels show the 
images of the sigmoid made with a 10x-lens: blue = cell nuclei, green = leukocytes, red = membrane 
glycoproteins. The right panels show only the leukocytes in those images.
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Figure 7.4. Intestinal Fatty Acid Binding Protein (I-FABP) expression in the sigmoid mucosa. 
The left images made with 40x-lens show I-FABP expression in green; blue = cell nuclei, red = 
membrane glycoproteins. The yellow arrows point out the clusters of I-FABP located in the lamina 
propria, which seemed more present in the group without perfusion and warm perfusion. 
Box-plots are shown on the next page (see page 154). 

new chapter 7.indd   153 12-12-12   12:57



Chapter 7  |  Renal cooling during aortic surgery prevents colon injury in rats

154

Chapter 7  |  Renal cooling during aortic surgery prevents colon injury in rats Renal cooling during aortic surgery prevents colon injury in rats  |  Chapter 7 

Figure 7.4. Box-plots presents I-FABP expression in the 4 groups. P<.05 =  significant. 
This figure is part of figure 7.4 on page 153.

Figure 7.3. Leukocyte accumulation in the mucosa of the sigmoid (numbers). P<.05=significant.
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Figure 7.5. Correlation between Intestinal Fatty Acid Binding Protein (I-FABP) expression and 
creatinine-ratio of end over beginning. Crosses=sham-group, filled black dots=group without renal 
perfusion during renal ischemia, triangles= renal perfusion with warm saline during renal ischemia, 
open white dots= renal perfusion with cold saline during renal ischemia. Rs=0.63,P<.001).
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DISCUSSION
In the present study we showed that despite cross-clamping below the superior mesenteric 
artery (SMA) sigmoid colon injury can occur on top of the renal ischemia-reperfusion 
injury after JAA-repair. Leukocyte accumulation and mucosal injury in the sigmoid were 
seen after JAA-repair. Interestingly, the effect of renal perfusion with saline during renal 
ischemia resulted in preserved high arginine/ADMA-ratios, which were correlated with 
higher microcirculation measured in the sigmoid. The use of cold saline was superior 
to warm saline. Renal perfusion with saline during renal ischemia decreased leukocytes 
counts and expression of I-FABP in the sigmoid. The changes in plasma creatinine and 
renal brushborder damage were positively correlated with mucosal injury and leukocyte 
accumulation in the sigmoid. 

Previous research has shown that colon ischemia could occur after AAA-repair and 
that ischemia-reperfusion of the colon leads to an increased leukocyte infiltration in 
the colonic mucosal tissue1-6, 28-33. Therefore, the elevated leukocyte counts in our JAA-
repair model could be the result of sudden reestablishment of the circulation of the lower 
torso following release of the aortic-clamp which results in a short period of ischemia-
reperfusion of the sigmoid, caused by sudden declamping of the aorta. The vascular 
anatomy in the rat looked similar as in humans, as the SMA was not occluded by our 
aortic-cross clamp just above the renal arteries. However, different vascular collaterals of 
the rat compared to the human situation could not be excluded. 

Another possibility is that lower limb ischemia or renal ischemia triggers a systemic 
response and causes serious dysfunction to remote organs, including the colon. It 
has been shown that acute ischemia-reperfusion of the lower limb leads to systemic-
inflammatory-response and multiple-organ-dysfunction34. It has been suggested that 
release of free radicals from the limbs into the systemic circulation is implicated for this 
condition35, however, we did not found nitrosylation of proteins in the sigmoid, which 
would be indicative of oxidative stress. 

It is important to detect colon injury in an early stage in order to prevent irreversible 
injury. When colon ischemia occurs, the colonic mucosa is more likely to be affected 
first. Previous research by Derikx et al.36 on intestinal ischemia has shown that I-FABP 
can leak from injured enterocytes into subepithelial spaces after 30 minutes of ischemia, 
resulting in a lower expression of I-FABP in the enterocytes. Derikx et al.36 has also stated 
that I-FABP was not visible around the crypts. However, this is in contrast with our 
findings of a higher I-FABP expression in the enterocytes after the simulated JAA-repair 
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and the observed I-FABP presence around the crypts in the lamina propria. A possible 
explanation for this is that the enterocytes were at the beginning of injury, which is 
different from severe injury after intestinal ischemia. I-FABP could be upregulated as 
function of protection because of early damage. Also the fact that elimination of FABPs 
occurs mainly by renal clearance could explain the increase of I-FABP, which could be 
the result of decreased renal function after renal I/R-injury. Thus I-FABP production in 
the enterocytes could be upregulated as a reaction on the I-FABP leakage from out of the 
enterocytes through the mucosa or overload of I-FABP due to injured kidneys. 

According to Giulini et al.37 the incidence of ischemic colitis after AAA-repairs is higher 
when suprarenal clamping is used compared to infrarenal clamping. It is suggested that 
this is being caused by the suprarenal clamping of the aorta and thereby deforming the 
ostium of the SMA and creating embolism. However during suprarenal clamping the 
kidneys also experience ischemia and can therefore be involved in a general inflammatory 
response on ischemia of multiple organs. This is confirmed by a study of Neary et al.5, 
who showed that postoperative renal failure is a risk factor for colon infarction. Cold 
perfusion of the kidneys during JAA-repair has been shown to reduce the incidence of 
postoperative renal failure and multiple organ failure11,26. Indeed, we found leukocyte 
accumulation and high I-FABP levels in the sigmoid after JAA-repair, which could be the 
beginning of development of sepsis and multiple organ failure. It has been shown that 
leukocyte infiltration in the intestinal mucosa and elevated I-FABP levels are associated 
with damage to the mucosal barrier, causing bacteria and toxic agents from the lumen 
to enter the blood circulation25,30,38,39, which could lead to the development of sepsis and 
multiple organ failure18,33,38,39. When multiple organ failure (MOF) occurs the mortality 
rates will increase with the number of organs that failed their function9,40. Colon ischemia 
is therefore a serious complication in AAA-surgery and is associated with high mortality 
rates when transmural necrosis is present 2,4,6,7.

Cold perfusion during renal ischemia preserved renal function as the kidneys maintain 
the capacity to extract dimethylarginines, which resulted in high arginine/ADMA-ratios. 
This is important as it has been shown that low arginine/ADMA-ratios deteriorate 
systemic hemodynamics15 and high ADMA-levels are associated with ICU-mortality 
14. In this study, the systemic arginine/ADMA-ratios were highly correlated with the 
microcirculation measured in the sigmoid and I-FABP. These data suggest that the kidney 
may have an important initial role in MOF. 
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In conclusion, despite aortic cross-clamping below the superior mesenteric artery (SMA) 
sigmoid colon injury can occur on top of the renal ischemia – reperfusion injury after 
JAA-repair. Both I-FABP expression in the enterocytes and leukocyte accumulation in 
the sigmoid mucosa were elevated after JAA-repair in rats. However, renal preservation 
with cold saline renal perfusion resulted not only in preserved renal function but also 
in preserved high arginine/ADMA-ratios and high microcirculation in the sigmoid, 
which were associated with decreased mucosal injury and leukocyte accumulation in the 
sigmoid. This study shows that renal function has an indirect effect on sigmoid colon 
damage; these results could provide us a better understanding of the importance of renal 
function on the development of multiple organ failure of other organs after aortic repair. 
Prevention of renal damage is necessary during vascular surgery and could be effective in 
preventing MOF.
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ABSTRACT
Purpose.
To examine the feasibility of a direct videoscopic approach to the descending 
thoracic aorta for branched endograft delivery to the aortic arch and abdominal 
aorta. 
Methods.
In 3 human cadavers aneurysms were created in the aortic arch and pararenal 
aorta and pulsatile flow was established using a roller pump. Thoracoscopically, 
two double felted purse-string sutures were placed on the thoracic aorta. Via the 
most distal trocar, an endoscopic needle was used to insert a stiff guidewire into 
the aorta through the center of the purse-string suture. Under direct videoscopic 
control, a 20 French sheath was advanced over the wire into the aorta. Switching 
to fluoroscopic control, a fenestrated endograft was deployed in the aortic arch 
followed by placement of a branch graft into the left subclavian artery. The delivery 
sheath was withdrawn from the aorta while simultaneously tightening the purse-
string sutures. A similar procedure was performed in the same cadaver for antegrade 
branched endograft delivery to the pararenal aorta. Correct deployment of the 
branched endografts was evaluated by post implant angiography and autopsy.
Results.
The procedure was successfully completed in all cadavers. “Hemostasis” was 
obtained in all cadavers without aortic cross clamping. Median fluid loss was 
165 mL. Autopsy proved all purse-string sutures to be adequately placed and all 
branched endografts to be deployed in the correct position. 
Conclusion.
A direct videoscopic approach to the descending thoracic aorta proved a feasible 
technique for branched endograft delivery to the aortic arch and abdominal aorta 
in a human cadaver model. 

Keywords: endovascular repair; aortic arch; thoracic aortic aneurysm; abdominal 
aortic aneurysm; thoracoscopy; experimental study; branched endograft; vascular 
access; stent-graft. 
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INTRODUCTION
Fenestrated and branched aortic endografts have been developed into successful 
clinical application and currently are a real alternative for patients with complex aortic 
aneurysms; however, procedures have proven to be complex, technically challenging, 
and time consuming.1,2 Manoeuvrability of the long and usually large-calibre delivery 
catheters may be difficult using a femoral access point, particularly in patients with 
tortuous, calcified or stenotic iliac arteries.
We recently described a direct videoscopic approach to the descending thoracic 
aorta for endograft delivery to the aortic arch in a porcine model.3 Due to improved 
manoeuvrability and less restrictions on introducer sheath size the direct videoscopic 
approach may facilitate branch vessel cannulation and branch graft delivery, especially in 
those cases where branch vessels arise from the aorta in a difficult angle. 
The purpose of this study was to assess the feasibility of a direct videoscopic approach to 
descending thoracic aorta for branched endograft delivery to respectively the aortic arch 
and the pararenal aorta in a human cadaver circulation model.
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METHODS
Five nonaneurysmal female formalin prepared cadavers were obtained from the 
Department of Anatomy and prepared according to a procedure described by Garrett.4 
First, we tested various trocar positions for optimal introduction of the delivery sheet 
into the aorta in two cadavers. Distances from the trocar entry site to the aortic puncture 
site and the angle with the aorta were compared between different entry routes, opting 
for optimal manoeuvrability during endograft delivery. After indentifying optimal trocar 
sites, “patient” positioning, surgeon’s positions and C-arm configuration, the technique 
was evaluated in three cadavers. 
Aneurysms were created by suturing an artificial patch on the aortic arch and pararenal 
aorta using an open approach. To access the aortic arch the costae were transected in the 
midclavicular lines and the thorax was opened. Because the lungs couldn’t be deflated, 
the left lung was removed before creation of the aortic arch aneurysm. Circulation was 
established by isolating a section of the arterial tree containing the thoracic and abdominal 
aorta and both femoral arteries. Inflow was achieved by inserting a silicone tube with a 
diameter of 2.5 cm through the left ventricle into the ascending aorta. Outflow was 
achieved by inserting catheters in all major aortic branches at remote sites. Inflow and 
outflow were connected to a roller pump with circuit tubing. Flow could be adjusted to 
simulate normal cardiac output. After connection of the circuit tubing, system output 
was set to a systolic pressure of 120 mmHg, and a diastolic pressure of 80 mmHg. System 
output was measured continuously during the procedure. The diameter of the thoracic 
and abdominal aorta and branch vessels and the distance between the branch vessels were 
determined. Appropriately sized endovascular equipment was provided by Cook Inc. 
(Bloomington, USA), AngioCare BV (Eemnes, The Netherlands), and Atrium Medical 
Corporation (Hudson, USA). The thorax was closed before commencement of the 
procedures. During the procedures, total operative times, endograft implantation times 
and total fluid loss were recorded. Post implant angiography and autopsy were performed 
to evaluate correct branched endograft deployment. 
The human cadaver was placed in a right lateral decubitus position, after which the 
operating table was tilted 20° to the right to place the cadaver in a more prone position. 
The surgeon and both assistants stood on the ventral side of the cadaver viewing the 
monitors for endoscopy and fluoroscopy positioned directly opposite. In all three cadavers 
two procedures were carried out. First, a videoscopic approach to the descending thoracic 
aorta was used for retrograde endograft delivery to the aortic arch. After completion of 
the first procedure a second vascular access was created in the descending thoracic aorta 
for antegrade abdominal aortic endograft delivery and deployment to the pararenal aorta.
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Branched endograft delivery to the aortic arch
A 12-mm non radio-opaque videoscopic trocar (Flexipath, Ethicon Inc, Cincinatti, OH, 
USA) was placed 1 cm dorsal to the posterior axillary line in the 7th intercostal space, 
and a 0° endoscope was introduced. Under direct visualization with the endoscope, two 
5-mm dissecting trocars were inserted in the midaxillary lines in the 5th and 8th intercostal 
spaces, and a 20-mm trocar was placed in the posterior axillary line in the 11th intercostal 
space for introduction of the endovascular equipment (Figure 8.1A).The pleura was 
removed at the distal third part of the descending thoracic aorta, and two double felted 
purse-string sutures (Gore-Tex CV-4) were placed on the aorta. One purse-string suture 
was used for introduction of the stent-graft delivery system and one for subclavian artery 
stenting. In case of bleeding, 2 endoscopic aortic clamps were at hand, which can be 
introduced swiftly through the dissecting trocars. Without tightening the purse-strings, 
all suture ends were guided through the distal dissecting trocar and secured outside the 
body.  
A C-arm was positioned in the operating field, and a specifically designed endoscopic aortic 
puncture needle (0.036-inch inner diameter, length 20 cm) was introduced through the 
dissecting trocar in the 11th intercostal space. The aorta was punctured in the center of the 
distal purse-string suture (Figure 8.2), and a 0.035-inch guidewire (HiWire curved, stiff 
shaft; Cook Inc.) was advanced into the thoracic aorta. The puncture needle was retracted 
and replaced by a sizing catheter (Aurous Pigtail Beacon Tip Sizing Catheter 0.035-
inch; Cook Inc.) for digital subtraction angiography. The diameter of the aorta and left 
subclavian artery with its exact location were determined angiographically and checked 
with pre-procedural measurements. A fenestration was created in an appropriately sized 
main endograft (Zenith TX2, Cook Inc.). A stiff guidewire was placed in the aortic arch 
and the sizing catheter was retracted. Under videoscopic control a 20 French delivery 
system containing the fenestrated endograft was introduced through the purse-string 
suture. After switching to fluoroscopic control, the stent graft was delivered to the aortic 
arch. After correct alignment of the fenestration with the left subclavian artery, the 
main endograft was deployed while remaining mobile by constrainment by means of 
diameter reducing ties. The puncture needle was now introduced into the chest cavity 
through the dissecting trocar in the 8th intercostal space. Under videoscopic control, 
the aorta was punctured in the center of the proximal purse-string suture (Figure 8.3). 
Via this second aortic puncture site the subclavian artery was cannulated with a flexible 
guidewire and the balloon expandable side branch system (Advanta V12 covered stent; 
Atrium Medical Corporation) was tracked over the guidewire into the subclavian artery. 
After full deployment of the main and branch endograft, angiography was performed to 
evaluate patency and device positioning. 
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Figure 8.1. Diagram of the trocar positions. The cadaver was placed in a right lateral decubitus 
position with the operating table tilted 20u to the right. (A) For endograft delivery to the aortic 
arch, the camera (C) was inserted in the 7th intercostal space, two dissecting trocars (D) were 
inserted in the 5th and 8th intercostal spaces, and the endovascular trocar (E) was placed in the 
11th intercostal space. (B) For endograft delivery to the abdominal aorta, the camera (C) was 
placed in the 8th intercostal space, two dissecting trocars (D) were inserted in the 6th and 10th 
intercostal spaces, and the endovascular trocar (E) was placed in the 5th intercostal space.

Under videoscopic control, the delivery sheet and catheter were withdrawn, while 
simultaneously tying the purse-string sutures with assistance of a knot pusher. A final 
inspection with the endoscope was performed to ensure “hemostasis”.
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Figure 8.2 (A,B). View during retrograde endograft delivery to the aortic arch. Two double 
purse-string sutures (PS) are placed on the aorta. The aortic puncture needle (N) is introduced 
from the 11th intercostal space and punctures the aorta in the center of the distal purse-string 
suture.

Figure 8.3 (A,B). View during retrograde endograft delivery to the aortic arch. The delivery system 
(DS) is inserted through the distal purse-string suture (D) while a guidewire (GW) is inserted 
through the proximal purse-string suture (P) for delivery of the branch graft.
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Branched endograft delivery to the abdominal aorta
Branched endograft deployment in the pararenal aorta was performed similarly. A 12-
mm trocar was placed 1 cm dorsal to the posterior axillary line in the 8th intercostal 
space for introduction of the endoscope. Two 5-mm dissecting trocars were inserted in 
midaxillary lines in the 6th and 10th intercostal space, and an additional 15-mm trocar 
was introduced in the posterior axillary line in the 5th intercostal space to facilitate the 
endograft delivery system (Figure 8.1B). Two double felted purse-string sutures were 
placed on the most distal part of the thoracic aorta. The proximal purse-string suture 
was punctured using the aortic puncture needle, and digital subtraction angiography of 
the pararenal aorta was performed. The main endograft delivery system was inserted in 
the distal aortic puncture site using the trocar in the 5th intercostal space. The fenestrated 
endograft was deployed in the pararenal aorta followed by placement of a branch graft 
into the distal renal artery. Post-implant angiography was performed for final evaluation 
of device positioning. Both sheaths and wires were withdrawn, while simultaneously 
tying the purse-string sutures. “Hemostasis” was ensured, after which all trocars were 
removed. After completion of the procedure, autopsy was performed to evaluate device 
positioning and suture placement. 
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Figure 8.4. Fluoroscopic images of endograft deployment. (A) The main endograft is placed in the 
aortic arch with a branch graft in the left subclavian artery and (B) the main endograft is placed in 
the pararenal aorta and the branch graft deployed in the right renal artery.

RESULTS
Both procedures were performed successfully in all three cadavers, without complications 
or adverse events. Median total procedural times were 158 (range, 142-187), and 149 
minutes (range, 139-169) for aortic arch and abdominal aortic stent graft placement, 
respectively. Median aortic arch endograft implantation time from needle puncture to 
catheter extraction was 58 minutes (range, 50-73). Median abdominal aortic endograft 
implantation time was 56 minutes (range, 52-69). Median fluid loss was 165 mL (range, 
124-253). Aortic cross clamping was not necessary and “hemostasis” was obtained in all 
cadavers after withdrawal of the delivery catheter and simultaneous tying of the purse-
string sutures. Post-implant angiography (Figure 8.4) and autopsy showed all branched 
endografts correctly placed with patent branch vessels, and complete aneurysm exclusion. 
Autopsy proved all purse-string sutures to be adequately placed without constraining the 
aorta. 
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DISCUSSION
Traditionally, the common femoral artery is used as access point for endovascular repair 
of thoracic aortic and abdominal aortic aneurysms. However, in patients with tortuous, 
calcified, or stenotic iliac arteries manoeuvring the delivery catheters over a long distance 
may prove difficult and there are limitations to the maximum diameter of the introducer 
device. In fenestrated and branched aortic endograft deployment precise manoeuvring is 
essential for correct alignment of the fenestrations and branched stent grafts with branch 
vessel ostia.1,2 Especially in the aortic arch, a minimum of motion is essential to reduce 
the chance of cerebral embolization. 
Femoral access can be circumvented by direct sheath placement in the aorta or iliac arteries 
by means of surgical exposure, with or without the use of conduits.5-8 However, this still 
requires a significant incision and negates the minimally invasive nature of endovascular 
therapy. Laparoscopic techniques have been developed to provide a minimal invasive 
solution. Formichi et al. described a laparoscopic approach to the abdominal aorta for 
thoracic endograft deployment in a porcine model.9 Although deployment of the stent 
grafts was successful, the procedure required dissection of the entire infrarenal aorta. 
Jansen et al. developed a laparoscopic technique to place a partially stented conduit in the 
abdominal aorta or iliac artery, which can be retained as an aortobifemoral bypass.10 Both 
procedures are complex, however and require a significant level of laparoscopic skill. 
Recently, our group developed a videoscopic approach for direct puncture of the 
descending thoracic aorta for endograft delivery to the aortic arch in a porcine model.3 
In this model, the descending thoracic aorta proved easily accessible after deflation of 
the left lung, without the need for dissection or retraction. The use of a double felted 
purse-string suture provided adequate hemostasis after catheter removal without the need 
for aortic cross clamping, while blood loss was kept to a minimum (mean 143 mL). To 
evaluate the thoracoscopic approach in human anatomy and to assess possible advantages 
of this approach for branched endograft delivery a human cadaver circulation model was 
used. 
In three human cadavers this thoracoscopic approach facilitated branched endograft 
deployment to the aortic arch as well as the abdominal aorta. Median fluid loss was 
low, with little loss during aortic puncture or catheter exchange, which was also noted 
by Formichi et al.9 and Jansen et al.10 We experienced improved manoeuvrability 
during branch graft deployment in both the left subclavian artery and the renal arteries. 
Manoeuvrability was enhanced by the short distance between the access point and 
deployment site as well as the straight delivery route. Cannulation of the downwards 
angled visceral arteries in particular may be facilitated by the antegrade thoracic 
approach. The use of a second purse-string suture facilitated side branch stent delivery 
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and circumvented the need for a distant access point. The descending thoracic aorta was 
easily accessible without the need for extensive dissection, as was also experienced in the 
porcine model. Since atherosclerosis is often less prominent in the descending thoracic 
aorta compared to the abdominal aorta, problems during creation or tying of the purse 
string possibly necessitating aortic cross clamping are unlikely.  Preoperative computed 
tomography angiography should aid in determining an optimal entry site.  
To evaluate the thoracoscopic approach for branched endograft delivery we used a human 
circulation model to best mimic a clinical scenario. The left lung needed to be removed, 
since deflation is not possible in a formalin prepared cadaver. Previous evaluation in a 
porcine model however, showed that simple deflation of the left lung provides ample 
access to a large part of the thoracic aorta without the need for surgical dissection. 
Obviously, for patients with extensive intra thoracic adhesions, diffuse calcification of 
the thoracic aorta or a decreased pulmonary function this technique will be less suited. 
In our procedure we can imagine the concern of the possible competition between trocars 
and stent-graft delivery equipment, however the entry points used for the procedures 
allowed the passage of the stent-graft delivery equipment to be easy and without any 
difficulties. Thoracoscopic approach for repair of the aorta has not yet been performed 
in humans, so comparison with other approaches, with regard to morbidity is difficult. 
However, we expect less morbidity for a thoracoscopic technique. An advantage of a 
thoracoscopic approach over a retroperitoneal conduit is the short distance between the 
aortic entry site and the stent deployment site. This allows for the use of significantly 
shorter delivery devices with better control and torque forces. This could lead to decreased 
operating times and a reduced chance of embolic complications. Although generalized 
diseased aortas are especially difficult to manage and provide additional difficulties to 
the physician and risks to the patient. Advanced skills in videoscopic and endovascular 
surgery are necessary for successful implementation of this technique. 

CONCLUSION
A direct videoscopic approach to the descending thoracic aorta is a feasible technique for 
endograft delivery to the abdominal aorta and aortic arch in a human cadaver circulation 
model. The short distance between the aortic entry site and the stent deployment site 
allows for the use of significantly shorter delivery devices with better control and torque 
forces, which, in turn, could lead to decreased operating times and a reduced chance of 
embolic complications.  Especially in patients with tortuous, calcified, or stenotic iliac 
arteries, in whom femoral access is impeded, a videoscopic direct access to the thoracic 
aorta could conceivably offer a valid alternative to the standard femoral approach. 
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ABSTRACT
Purpose.
To determine gutter size and stent graft geometry in an in-vitro juxtarenal aneurysm 
model using a chimney-graft (CG) configuration.
Methods.
Two silicon, juxtarenal, aortic aneurysm models were constructed, combining 
different diameters of the aorta and renal artery. In a single-branched CG-
configuration, two sizes of Gore Excluder main grafts were combined with two 
sizes of two types of CGs: Atrium balloon-expandable (BE) stent grafts and Gore 
Viabahn self expanding (SE) stent grafts. All combinations were tested with a short 
and long sealing zone between CG and main graft: 16 different configurations. 
Immediately after deployment, the CG-configuration was scanned using a 64 
slice MSCT scanner (Philips). Gutter-sizes were measured at different levels of the 
sealing zone.
Results.
At the top of the sealing zone, the gutters are significantly larger in the BE CGs 
compared to SE CGs in combination with the 23 mm main graft (p = 0.021).  
At the bottom of the sealing zone, there are no statistically significant differences 
(p=0.77). No significant differences are seen using the 28.5 mm main graft.  Median 
guttersize is biggest in 6 mm CGs. The length of sealing zone has no influence on 
guttersize. Significant compression of the main graft is found using 12 or 13 mm 
CGs compared to 6 mm CGs (p=0.001). 
Conclusion.
In this in vitro study, the CG configurations with BE stent grafts show larger 
gutters than configurations with SE stent grafts in small main grafts. Main graft 
compression is increased using bigger CG stent grafts.

Keywords: Chimney Graft; Aneurysm Repair; Endovascular; In-vitro; 
Experimental; Gutter
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INTRODUCTION 
An increasing number of patients is treated with endovascular aneurysm repair (EVAR) 
even when they have complex aneurysm anatomy, such as short or angulated proximal 
aortic neck.1, 2, 3 In juxtarenal aneurysms, fenestrated devices can preserve bloodflow to 
renal or visceral branches. A major drawback is the fact that customization, planning, 
and manufacturing of such stent grafts require time. During this preparation time the 
patients remain at risk of rupture.4  
The chimney (or sandwich) technique uses off-the-shelf stent grafts adjacent to the 
main graft to maintain perfusion of renal and visceral side branches in aneurysms with 
short proximal aortic neck.5-7 Early experience with the chimney technique has shown 
promising results.7-9 
An inadequate sealing between chimney graft (CG) and main graft leads to the formation 
of so-called gutters between the grafts and the aortic wall, which could lead to type 1 
endoleaks. Several studies, however, show a high rate of spontaneously resolved type 1 
endoleaks. A possible explanation for this phenomenon could be the formation of clot in 
tight, narrow gutters or poor outflow.8

The aim of this study is to find the optimal CG-configuration with smallest gutters and 
acceptable main graft and CG compression (<50%). 
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METHODS
Experimental design
Two in vitro, double-branched, silicone, juxtarenal, aortic aneurysm models, with the 
compliance of a human aorta, were custom-made for this experiment (Figure 9.1).  Two 
different diameters of main tube (‘aorta’); 19 and 24mm and two diameters of side 
branch (‘renal artery’); 5 and 11 mm, were used (Table 9.1). Different types and sizes 
of both main graft and CG were tested. The model was placed into a tray containing 
water-gelatin with the same viscosity of blood and was kept at a constant temperature of 
37 degrees Celsius. The main grafts and CGs were simultaneously deployed in a single-
branched CG-configuration. After deployment the CG and main graft were ballooned 
simultaneously, with a pressure of 8 bar (116 psi) and pressures were sustained for 10 
seconds. A reliant balloon was used in the main graft. Immediately after deployment, 
the complete tray, including aortic model and CG-configuration, was scanned using a 
64-slice MSCT scanner (Philips) to determine the geometry of the configuration. 

Figure 9.1. Double-branched, silicon, juxtarenal, aortic aneurysm models combining two 
diameters (19 and 24mm) of the aorta and two diameters of the renal artery (side branch; 5 and 
11 mm).
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Table position 2 Table position 3

Set-up Sealing 
zone (mm)

Chimney
Graft
(mm)

Main 
graft 
diameter 
(mm)

Gutter 
area (cm2)

Main graft 
compression 
cm2 (%)

Gutter 
area 
(cm2)

Main graft 
compression 
cm2 (%)

Chimney 
graft 
compression
(%)

1 10 Atrium 6 23 0.427 0.802 (28.5) 0.272 0.665 (19.8) 36.9

2 10 Viabahn 6 23 0.194 0.522 (16.5) 0.187 0.462 (13.6) 38.4

3 20 Atrium 6 23 0.353 0.708 (22.9) 0.283 0.717 (23.1) 22.3

4 20 Viabahn 6 23 0.239 0.576 (19.1) 0.192 0.495 (14.6) 23.5

5 10 Atrium 12 23 0.270 1.521 (52.2) 0.163 1.265 (36.4) 44.4

6 10 Viabahn 13 23 0.203 1.643 (52.0) 0.252 1.462 (42.9) 25.6

7 20 Atrium 12 23 0.423 1.659 (53.9) 0.154 1.283 (38.6) 32.2

8 20 Viabahn 13 23 0.186 1.449 (45.5) 0.157 1.187 (32.7) 32.6

9 10 Atrium 6 28.5 0.705 1.101 (24.7) 0.483 0.829 (15.8) 36.6

10 10 Viabahn 6 28.5 0.327 0.620 (12.9) 0.253 0.494 (10.0) 29.2

11 20 Atrium 6 28.5 0.708 1.065 (23.2) 0.561 1.041 (21.4) 39.0

12 20 Viabahn 6 28.5 0.225 0.529 (11.6) 0.252 0.522 (10.4) 32.0

13 10 Atrium 12 28.5 0.518 1.964 (40.4) 0.356 1.768 (35.0) 29.1

14 10 Viabahn 13 28.5 0.255 1.714 (35.4) 0.310 1.686 (33.4) 15.8

15 20 Atrium 12 28.5 0.323 1.57 (34.6) 0.330 1.571 (31.5) 28.4

16 20 Viabahn 13 28.5 0.333 1.722 (37.0) 0.232 1.460 (28.0) 22.0

Stent grafts and configurations
One type of main graft was tested, the Gore® Excluder® (W.L. Gore & Associates, Inc. 
Flagstaff, Arizona), in combination with two types of CGs, the Gore®  Viabahn® self-
expanding (SE) stent graft (W.L. Gore & Associates, Inc. Flagstaff, Arizona) and Atrium’s 
Advanta™ V12 balloon-expandable (BE) stent graft (Atrium, Hudson, New Hampshire). 
Two sizes of the BE stent graft were used (6x59 mm and 12x61 mm), as well as two sizes 
of the SE stent graft (6x50 mm and 13x50 mm). In addition, two sizes of the Excluder 
were used (23 and 28.5 mm).

The CG-configuration was divided into 4 separate zones, a free (“flare”) zone, a composite 
seal zone, a curved (“branch”) zone and a transitional zone. (Figure 9.2) The length of 
free (“flare”) zone was 5 mm in all configurations. The various diameters of stent grafts 
in combination with two different seal zone lengths (10 and 20 mm) lead to 8 different 
configurations for both the SE and BE stent graft. (Table 9.1)

Table 9.1. Characteristics and areas including relative compression of the 16 different chimney 
graft configurations.
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Figure 9.2. Different zones of interest (A) including the different table positions (TPs) 
and cross-sections (B).

Measurement
The main tube (‘aorta’), CG, main graft and gutters were scanned using 2 mm intervals, 
starting 2 mm above the chimney graft configuration and ending 10 mm below the side 
branch. Cross-sections of interest were named after the table positions (tp) and were used 
in our calculations (Figure 9.2). Cross-sectional surface areas of the CGs, main grafts 
and the main tubes (‘aorta’) were measured at the top and bottom of the seal zone (tp 
2 and tp 3) with OsiriX™ (Pixmeo, Geneva, Switzerland), an image processing software 
program (Figure 9.3). Measurements of each set-up were used to calculate  gutter size 
and main graft compression. Absolute guttersize was calculated by subtracting the areas 
of chimney and main graft from the aortic areas at tp2 and tp3. Main graft compression 
was calculated by subtracting the area of main graft from the aortic area. In addition, 
main graft compression was calculated relative to the aortic area. A centerline was 
drawn through the CG to determine narrowest and nominal area at tp1 of the stent. By 
determining the areas relative to each other, we were able to determine maximum renal 
graft compression/stenosis (Figure 9.4).

Statistical Analysis.
SPSS 20.0 was used as analysis software. Continuous data are presented as median with 
minimum, maximum and interquartile range. Differences in outcome were analyzed 
using the Mann-Whitney U test. All reported p-values are two-sided without correction 
for multiple testing. A p-value of less than 0.05 is considered statistically significant.
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Figure 9.3. Different cross sectional areas measured with Osirix. A: outer diameter chimney graft 
B: gutter C: inner diameter aorta. D: outer diameter main graft.

Figure 9.4. Curved multiple plane reconstruction image of a centerline drawn through the renal 
CG. A 6mm stent graft B 12mm stent graft.
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RESULTS 
Absolute and relative values are enumerated in table 9.1. At the top of the seal zone (tp 2) the 
absolute cross sectional areas of the gutters are significantly larger in the BE CG-configuration 
compared to the SE CG-configuration in combination with the 23 mm main graft: (p=0.021): 
median 0.39 cm2 (IQ range 0.33-0.42) versus 0.20 cm2 (IQ range 0.19-0.21), respectively (Figure 
9.5A and 9.5B).  
At the bottom of the seal zone (tp 3) no significant difference is observed between the cross sectional 
areas of the gutters of both graft types (p=0.77). 
No significant difference in guttersize between both graft types is seen in combination with the 
28.5 mm main graft: SE CG median gutter area 0.29 cm2 (IQ range 0.25-0.33) versus BE CG 
gutter area 0.61 cm2 (IQ range 0.47-0.71), respectively (Figure 9.5A and 9.5B) (p=0.083). No 
significant difference in gutter size exists, comparing the length of the sealing zones, 10mm versus 
20mm.  More relative compression of both main grafts is seen using 12 or 13 mm CGs as compared 
to 6 mm CG (p=0.001) at tp 2 (Figure 9.6). Median main graft compression 42.9% (IQ range 
36.6-52.0%) versus 21.0% (IQ range 15.6-23.6%) respectively. The same difference is seen at tp 3 
(p=0.001). Graft type had no influence on relative compression of the main graft. 
The difference of main graft compression between 6mm and 12/13mm grafts at tp 2 is significant 
for both graft types: BE CG (p = 0.021) and SE CG (p = 0.021) (Figure 9.6). Median compression 
of 23mm main grafts with 12/13mm CGs was 52.1% (IQ range 50.3-52.6%). No significant 
difference exists between either BE and SE stent grafts comparing narrowest diameter on centerline 
measurement of the CG (p = 0.141). Median compression of the CG is 27.4% (IQ range 23.1-
32.1%) and 34.4% (IQ range 28.9-37.4%) respectively. 
Relative compression of the CG does not exceed 45%. No significant differences in main graft or 
renal graft compression exists between a 10 or 20 mm sealing zone. 
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Figure 9.5 A and B. Difference in guttersize at table position 2 between the balloon expandable 
(BE, i.e. Atrium) and self expandable (SE, i.e. Viabahn) chimney grafs mm as seen in the boxplot 
(A) and in the CT-scans (B).

A

B
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Figure 9.6 A and B. Main graft compression for the 12/13 mm chimney graft (balloon expandable 
(BE, i.e. Atrium) and self expandable (SE, i.e. Viabahn) in combination with a small and a large 
Excluder main graft with a 10 mm seal zone at table positions (tp) 2.

A

B
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DISCUSSION
Fenestrated and branched stent grafts are now being used widely to address the problem of short 
infrarenal necks. Short- and mid-term results show promising results 4, 10, but long-term renal 
artery patency is still a concern in a substantial number of patients. 
The chimney technique also deals with the problem of short infrarenal necks, but can be applied in 
the emergency setting. The technique is also referred to as “snorkel”or “sandwich” technique. This 
techniques consists of the placement of parallel stents adjacent to a main graft in order to maintain 
perfusion to visceral or renal arteries.7 
Results of this study showed clear differences between the different chimney grafts. 
One of the limitations of this study is the use of one type of main graft. Main grafts with more 
radial force than the Excluder graft will have different effects on the geometry of the chimney graft 
configurations and therefore guttersize. In a clinical review of Moulakakis et al 8, Excluder grafts 
were shown to be used frequently in chimney graft configurations.
The SE stent grafts had small gutters in every set-up and were not more compressed than BE stent 
grafts. The flexible properties of SE stent grafts provided a better sealing with the Excluder, which 
has lead to smaller gutters. Because of the existence of large gutters in configurations with the BE 
CG and small main graft, this CG is not recommended in the chimney technique in this in-vitro 
configuration. 
If a small Excluder was combined with a large CG, independent of the type, compression of the 
main graft was over 50%, and thus it is recommended not to use this in vitro CG-configuration. 
Because only two types of stent grafts and one type of main graft were used, this study seems 
limited. Other chimney grafts with different physical and mechanical properties could influence 
geometry of these configurations. Nonetheless, it should be taken into consideration that the use of 
several combinations of these stent grafts lead to small gutters and limited compression. Our report 
focusses on the effect of different types and sizes of chimney grafts on gutter development. Further 
studies with various types of main grafts are underway. Flow-models could provide us with better 
insights in flow distribution and gutter leakage in CG-configurations. Animal studies are needed 
to see if clot formation will develop in small or large gutters. Clot formation could not be tested 
properly in this in-vitro study because we have used gelatin-water. In addition, research needs to be 
done on the occurrence of endoleak using our findings. Further research and knowledge is needed 
to safely apply chimney grafts in patients. 
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CONCLUSION
In this in-vitro juxtarenal aneurysm model, self-expanding chimney grafts conform well to various 
sizes of main grafts. Balloon-expandable chimney grafts lead to large gutters in combination with 
relatively small main grafts. In addition, a small main graft in combination with a large (balloon-
expandable or self-expanding) stent graft leads to main graft compression of ≥ 50%.
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SUMMARY
Abdominal aortic aneurysm (AAA) is a pathological dilatation of the abdominal aorta 
exceeding the normal diameter by more than 50 percent. Juxtarenal aortic aneurysms 
(JAA), which means that the aneurysms have their origin close to the renal arteries, 
account for approximately 15% of AAAs1. Despite advances in endovascular aneurysm 
repair, open surgical repair of JAA is generally the treatment of choice2. Open surgical 
repair requires suprarenal aortic cross clamping (i.e. above the renal arteries). The latter, 
however, causes temporary renal artery occlusion and renal ischemia-reperfusion injury 
(I/R-injury), which could lead to renal dysfunction.
In the first part of the thesis we studied renal dysfunction after JAA-repair in patients. In 
chapter two we performed a systematic review, showing a mean perioperative mortality 
of 2.9% and a need for hemodialysis in 3.3% of patients. Postoperative renal dysfunction 
ranged from 0 to 28% (median 12.5%). In six studies selective cold renal perfusion 
during suprarenal clamping was performed in order to preserve renal function, whereas 
only one study (our study) applied routine cold renal perfusion in all patients. In chapter 
three and chapter four we retrospectively studied renal insufficiency after JAA repair 
and the possible effect of cold renal perfusion on the postoperative renal function after 
JAA repair in both elective and acute settings, respectively. We observed that in patients 
who received renal cooling during renal ischemia, postoperative acute renal insufficiency 
was zero in the elective setting. In the acute setting, less renal failure, multiple organ 
failure and mortality were seen in patients with renal cooling vs without renal cooling. 
In the second part of the thesis we embarked on investigating renal cooling and the 
mechanisms of preservation of renal function during JAA-repair. In chapter five we 
simulated JAA repair in rats in a novel model and compared this to a “simple” renal 
ischemia-reperfusion model. During JAA-repair, a period of both supra- and infrarenal 
aortic-clamping is followed by infrarenal aortic-clamping (below renal arteries) in order 
to restore renal flow, while performing the distal anastomosis (Figure 1.3). Infrarenal 
aortic-clamping, despite restoring renal perfusion, provokes additional renal damage 
compared to suprarenal aortic-clamping alone in the “simple” renal ischemia-reperfusion 
model. In chapter six we tried to identify the underlying protective mechanism(s) of 
renal cooling and/or perfusion with saline. To this end we applied cold, warm or no renal 
perfusion during renal ischemia in JAA repair in rats. Cold perfusion reduced the rise 
in creatinine-levels as well as diminished the presence of luminal lipocalin-2 (marker for 
tubular damage3) and brushborder damage compared to warm perfusion or no perfusion. 
In the group with cold perfusion also renal extraction of dimethylarginines was preserved, 
which resulted in high bio-availability of nitric oxide leading to preservation of renal 
cortical flow. Interestingly, also in the sigmoid colon, flow remained intact in rats who 
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received renal cold perfusion, which is described in chapter seven. Early signs of sigmoid 
colon injury were present after JAA repair in all rats. A creatinine-rise and renal tubular 
damage were positively correlated with Intestinal Fatty Acid Binding Protein expression 
(I-FABP; a known marker for intestinal mucosal injury4). Cold perfusion during renal 
ischemia reduced I-FABP expression as well as leukocyte accumulation in the sigmoid 
colon, and resulted in high microcirculatory mucosal blood flow. 
In part three of the thesis we explored new endovascular techniques to repair abdominal 
aortic aneurysms. In chapter eight we tested the feasibility of a direct videoscopic 
approach to the descending thoracic aorta for branched endograft delivery to the aortic 
arch and the pararenal aorta, respectively, in a human cadaver circulation model. We 
showed that this approach may be an alternative access technique for branched endograft 
delivery to the aortic arch and abdominal aorta. In chapter nine we investigated the 
chimney graft (CG) technique and its applicability in an in vitro juxtarenal aortic 
aneurysm model. One specific issue to the CG-configuration is the occurrence of so-
called “gutters” in the seal zone between aortic wall and the main graft. In this in vitro 
study, we showed that for chimney grafting, the self expandable CG is more suitable than 
the balloon expandable CG. 
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DISCUSSION 
1. Routine application of renal cooling during juxtarenal aortic aneurysm repair
As we have described in chapter two only seven out of twenty-one studies reported 
in literature used renal cooling during JAA-repair, one of which is our study described 
in chapter three (Table 2.2). To the best of our knowledge we are the only group that 
reported routine application of cold renal perfusion during elective JAA repair. This 
yielded abscense of postoperative renal dysfunction, dialysis and mortality (Table 10.1). 
Six other studies applied renal cooling only in selective cases: in patients with preoperative 
renal insufficiency or when prolonged renal ischemia was anticipated5-10. Based on our 
studies, it is our conviction that cold perfusion should be implemented routinely, because 
renal ischemia time is diffucult to predict beforehand and it is not always clear how the 
kidneys will react on aortic-cross clamping. Also perioperative renal hemodynamics are 
quite unpredictable, as blood pressures, medical history and anesthesia effects differ in 
each patient. In chapter three we showed that routinely applied renal cooling in the 
elective setting is effective in preventing renal insufficiency. Additionally, in chapter four 
we showed that application of renal cooling  in acute situations is able to reduce mortality 
significantly.
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2. From “Bench to Bedside”
In chapter three and chapter four cold renal perfusion is shown to prevent renal 
insufficiency after JAA repair in patients. These results triggered our curiosity and 
therefore we investigated the effects of renal cooling and renal perfusion per se. The 
experimental animal studies were designed to understand more about the mechanisms 
of renal preservation, in order to facilitate the implementation of standard application 
of renal cooling during JAA repair in the clinic. Our findings indicate that prevention 
of renal damage is necessary during vascular surgery, or in fact during any other type 
of (acute) surgery, because the kidneys likely play a key role in maintaining adequate 
perfusion of other organs during critical situations and they also are driving motors of 
shock and sepsis. The latter is underscored by our finding in rats that renal cold perfusion 
prevents colon damage (chapter seven). 

Simulation of juxtarenal aortic aneurysm repair in rats: the importance of a representative 
model and the physiological changes.
Previously used experimental models for renal ischemia-reperfusion do not simulate JAA 
repair, but only induced renal injury by clamping on the renal arteries or by suprarenal 
aortic cross-clamping11,12. During open JAA repair suprarenal aortic clamping is followed 
by infrarenal clamping in order to restore blood flow to the kidneys after completion 
of the proximal anastomosis and to start construction of the distal anastomosis. Renal 
haemodynamics during the early reperfusion phase differ between suprarenal clamping 
alone and that followed by infrarenal clamping (chapter five). Renal hemodynamics 
are altered during infrarenal aortic-clamping. In this respect, we observed elevated 
arterial pressures during infrarenal aortic-clamping and low renal flow during sudden 
re-establishment of the circulation of the lower torso following release of the aortic-
clamp, resulting in a short period of ischemia-reperfusion on top of the longer ischemia-
reperfusion period after suprarenal aortic clamping. In the JAA repair model tubular 
damage was more prominent and circulating asymmetrical dimethylarginine (ADMA)- 
levels increased significantly more in the JAA repair model. The latter correlated inversely 
with renal flow levels. The observed correlation between protein nitrosylation and tubular 
epithelial brush border damage suggests a contribution of oxidative and nitrosative stress 
to the already aggravated renal damage present in the JAA-repair model. ADMA is 
cleared through breakdown by the enzyme-dimethylarginine-dimethylaminohydrolase 
(DDAH)13. DDAH activity is sensitive to reactive-oxygen-species (ROS) and a decreased 
activity of DDAH by oxidative stress could have lead to the increased ADMA-levels 
(Figure 10.1)14,15. In addition, the higher arterial pressure and/or renal flow during the 
early reperfusion phase (Figure 5.1) might have caused a short period with increased 
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Figure 10.1. In case of oxidative stress, more reactive oxygen species (ROS) will be formed. 
This leads to less breakdown of asymmetrical dimethylarginine (ADMA) by dimethylarginine-
dimethylaminohydrolase (DDAH). High ADMA-levels lead to more inhibition of nitric oxide 
synthase (NOS) and to less nitric oxide (NO) availability.

Cold renal perfusion during juxtarenal aortic aneurysm repair: aspects of 
pathophysiological mechanisms.
Nitric Oxide and Reactive Oxygen Species (ROS).
Renal ischemia-reperfusion injury involves priming of the endothelium during ischemia 
to produce both free radicals and chemoattractants upon reperfusion20. In addition, 
availability of the vasodilator NO, which can be produced both by vascular endothelium 
and tubular epithelial cells, might be altered. Furthermore, its producing enzyme nitric 
oxide synthase (NOS) can shift from NO-production to generation of the superoxide 
free radical. This uncoupling may, among others, be caused by elevated levels of ADMA, 
which inhibits all isoforms of NOS17. Normally, dimethylarginines are eliminated by 
the kidneys in order to control ADMA-levels21. An increase in ADMA-levels influences 
systemic hemodynamics and reduces flow by inhibiting nitric oxide (NO)-synthesis 
and uncoupling of this enzyme, leading to generation of high levels of superoxide 
free radicals17,22. We have seen in chapter six and seven that renal extraction of 
dimethylarginines was maintained if renal cold perfusion was applied during JAA repair, 
resulting in a higher arginine/ADMA-ratio, and hence, increased NO bio-availability.

glomerular filtration and flow in the tubules. An increase in tubular luminal flow 
enhances superoxide (O2

-) production in the thick ascending limb, probably through 
increased cellular stretch, which in turn induces nitric oxide (NO)-production within 
minutes16. Generation of O2

- and NO in ischemia-reperfusion injury enhances 
production of the cytotoxic metabolite peroxynitrite, which subsequently reacts with 
cellular macromolecules to form modifications, one product being nitrotyrosine on 
cellular proteins17-19. These findings and their consequences underline the importance 
of using a representative model for JAA repair and an investigation of the effect of cold 
renal perfusion.
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Renal hypothermia versus renal perfusion per se
Preservation of kidney function is a topic of interest in various specialties and different 
preservation methods have been suggested. Hypothermia reduces cell metabolism, 
metabolic activity and decrease in consumption of oxygen and adenosine triphosphate 
(ATP). Experimental studies have demonstrated that renal hypothermia preserves renal 
function by reducing its oxygen consumption. Renal oxygen consumption is reduced 
when the renal parenchyma is cooled23-28. Several manners to apply renal cooling, besides 
antegrade renal artery perfusion, have been investigated such as ice slush or retrograde 
perfusion of cold saline. The thought that perfusion could have an additional beneficial 
effect to hypothermia alone, is emerged in organ preservation for renal transplantation as 
continuous cold perfusion could provide a more homogeneous and rapid hypothermia29-31. 
In addition, studies are directed towards finding the optimal perfusion pressure32.
In chapter six we investigated the effects of renal cooling and renal perfusion per se. 
We applied cold, warm or no renal perfusion during renal ischemia in JAA repair in 
rats. We observed that perfusion per se has effect on various important parameters 
(Figure 10.2). However, the additional effect of hypothermia on perfusion was clearly 
visible in a reduced rise in creatinine-levels, diminished presence of luminal lipocalin-2 
(marker for tubular damage) and less brushborder damage compared to warm perfusion 
or no perfusion (Figure 10.2). Moreover, the use of cold renal perfusion during renal 
ischemia preserved renal extraction of dimethylarginines. Hence, the bio-availability of 
nitric oxide remained high in the cold perfusion group, which lead to a preserved and 
high cortical flow. The bio-availability of nitric oxide was also negatively correlated with 
tubular damage. These data support the use of hypothermic renal perfusion during aortic 
surgery to prevent or further reduce renal damage when renal ischemia is inevitable. 

Various perfusion fluids, preservation fluids and blood have been applied in order 
to minimize renal damage, which is explored in renal transplantation33,34, partial 
nephrectomy and thoraco-abdominal aneurysm repair35. Also specific additives to the 
perfusion solution of the kidneys (e.g. PGE, L-arginine) that protect the kidneys against 
ischemia/reperfusion injury, rather than cooling have been suggested36. Nevertheless, our 
studies indicate that renal cold perfusion seems to be necessary and sufficient to prevent 
postoperative renal damage, and is better than warm perfusion.

Identifying early markers for renal failure and colon injury: lipocalin-2 and intestinal fatty 
acid binding protein, respectively.
Lipocalin-2 (NGAL) binds low molecular weight ligands, such as heme, and forms a 
complex with iron-binding siderophores, which may facilitate the removal of excess 
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intracellular iron, thereby limiting oxidant mediated apoptosis of renal tubular cells37. 
Increased expression of lipocalin 2 in renal epithelium has been found under various 
pathophysiological conditions, especially in case of renal damage38. Its expression can 
be induced by reactive oxygen species39.. NGAL may ameliorate renal damage following 
ischemia and reperfusion in the kidneys by enhancing cell survival and increasing cell 
proliferation39. Induction of NGAL has been observed in reperfusion injuries caused by a 
sudden increase in free iron and ROS39. Our data showed that after severe renal ischemia-
reperfusion injury NGAL is present in the tubular lumen as well as in urine. Hence, the 
presence of NGAL in blood and urine is proposed to be a marker for early renal injury.

To detect colon injury one of the proteins present in its epithelium can be used: intestinal 
fatty acid binding protein (I-FABP). A rise of this protein in blood is indicative of 
intestinal mucosal injury. I-FABP is a 14-15 kD cytoplasmic protein40,41. When colon 
ischemia occurs, the colonic mucosa is most likely to be affected first. In chapter seven we 
observed early signs of sigmoid colon injury after JAA repair with upregulation of I-FABP, 
which might be functioning as protection. The elimination of FABPs occurs mainly by 
renal clearance. An increase of I-FABP could also result from a decreased renal function 
after renal I/R-injury. An advantage of I-FABP is that it could be measured in blood, 
while until now sigmoidoscopy is the only way to detect early sigmoid damage, which 
is a rather invasive procedure with complications such as perforation of the colon42,43. 
Colonic injury needs to be detected in an early stage in order to prevent irreversible 
injury.

Lipocalin-2 and I-FABP seem to be representative markers for renal and colon injury, 
respectively. Further research is needed to implement the use of these markers in the 
clinic.

The kidney as a driving motor of multiple organ failure. The possible association of renal 
failure and sigmoid injury.
The findings presented in this thesis contribute to the notion that injured kidneys 
aggravate multiple organ failure (MOF) and trigger shock following vascular surgery. 
We observed that when renal failure can be prevented, the other organ systems may 
also be recovered, due to preservation of the bio-availability of nitric oxide and thereby 
preservation of organ perfusion. JAA repair requires suprarenal aortic-cross clamping 
above the renal arteries, but below the superior mesenteric artery (SMA). However, 
ischemia of the colon often occurs after aneurysm repair and this is a potentially fatal 
complication. The ischemic lesions of the colon are most often located in the sigmoid42,44. 
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When kidney injury facilitates the occurrence of colon injury, a detrimental spiral may 
occur leading to MOF45-47.  We wanted to show the possible association of kidney 
function and sigmoid colon injury. In chapter seven we investigated sigmoid injury after 
JAA repair in rats. The results showed sigmoid colon injury after JAA repair in all rats. 
Both the creatinine-rise and renal tubular epithelial cell damage were correlated with 
I-FABP. Cold perfusion during renal ischemia reduced I-FABP expression and leukocyte 
accumulation in the sigmoid. Renal protection by cooling preserved high arginine/
ADMA-ratios, which resulted in higher bio-availability of nitric oxide and this was 
correlated with microcirculatory flow in the sigmoid. We therefore think that prevention 
of renal damage is necessary during vascular surgery, particularly in order to prevent 
MOF. Our study indicates that various organ systems may influence each other. Future 
studies will therefore focus on the association between different systemic disorders.

Figure 10.2. Effects of perfusion per se (left) and cold perfusion (right) compared to no perfusion 
during renal ischemia in JAA repair. I-CAM = Intercellular Adhesion Molecule. ADMA = 
asymmetrical dimethylarginine. SDMA = symmetrical dimethylarginine.
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3. Updates in endovascular techniques
In the third part of this thesis we tried to find other options than open repair for treating 
JAAs. Endovascular aneurysm repair (EVAR) is nowadays implemented as a standard 
treatment of AAA. Fenestrated and branched aortic endografts are designed to treat 
patients who have unsuitable proximal necks for standard EVAR, like in case of JAAs48-50. 
Procedures could be complex, technically challenging and not suitable for all patients. 
In patients with tortuous, calcified or stenotic iliac arteries manoeuvrability of delivery 
catheters may be difficult, and thereby potentially precluding EVAR via the usual femoral 
artery route51. In chapter eight we tested the feasibility of a direct videoscopic approach 
to descending thoracic aorta for branched endograft delivery to not only the aortic arch, 
but also the pararenal aorta. This was performed in a human cadaver circulation model. 
We showed that a direct videoscopic approach to the descending thoracic aorta could 
be an alternative way for retrograde and antegrade branched endograft delivery to the 
abdominal aorta and also the aortic arch, respectively. An advantage of a thoracoscopic 
approach is the short distance between the aortic entry site and the stent deployment site. 
This allows for the use of shorter delivery devices with better control and torque forces. 
We experienced improved manoevrability during branch graft deployment. Another 
possible way might be direct approach to the ascending aorta for endograft delivery 
to the aortic arch. In cardiothoracic surgery centers, transapical valve implantations 
have been performed in some patients. However, new development and adjustments in 
endovascular equipment are needed to safely perform the direct videoscopic approach to 
the aorta in patients. 

Fenestrated stentgrafts must be custom-made for each individual patient52-56, to fit 
perfectly, which means that it requires time48. The chimney graft technique (CG), also 
known as periscope or snorkel technique could be an option in acute settings. The CG 
technique uses off-the-shelf standard stentgrafts for both main body and branches and no 
custom made fenestrations are needed. This allows for immediate, in-situ tailoring with 
the advantage of being more straightforward and applicable in the urgent and emergency 
settings. Remarkably, there are only few case series reported in which the CG technique 
is applied in patients and endoleaks are often reported57-60. Little research has been 
performed on the optimal configuration of the chimney stent graft versus the main graft. 
One specific issue to the CG-configuration is the creation of so-called “gutters” in the 
seal zone between aortic wall and the main graft. Variables that may have an impact on 
the occurrence of endoleaks, migration, and flow distribution include stentgraft material 
(self-expanding or balloon-expandable systems), diameter ratios between chimney and 
main graft, required lengths of sealing zone between chimney and main graft. We tested 
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in chapter nine a single-branched CG-configuration in two silicon, juxtarenal, aortic 
aneurysm models. In this in vitro study, we showed that one combination type of grafts 
is more suitable than another, which means that in every situation we have to think about 
which stent size or type we are going to use. It is obvious however that more studies are 
necessary to indicate in which situations CGs are safely applicable in patients. Now that 
off-the-shelf fenestrated stent grafts and new types of stent grafts are developed, more 
studies will be seen about endovascular repair in complex aneurysms; since endovascular 
repair is implemented as standard care for AAA patients. However, long-term follow up 
of endovascular repair in (complex) aortic aneurysms is still absent. We have found that 
the “cadaver flow model” (chapter eight) is a suitable model for endovascular trainings 
and/or research purposes. With the development of new type of stent grafts we will also 
need to continue research in endovascular techniques. 

MAIN CONCLUSION
The main conclusion of this thesis is that it is important to reduce postoperative trauma as 
much as possible. The use of cold renal perfusion prevents postoperative renal dysfunction 
after open juxtarenal aortic aneurysm repair. We therefore recommend routine 
application of cold renal perfusion during renal ischemia. Renal cooling preserves high 
bio-availability of nitric oxide, which results in maintained flow and microcirculation in 
the kidney and sigmoid colon. The kidneys may aggravate multiple organ failure (MOF) 
and trigger shock following vascular surgery, which warrants prevention of renal failure 
during aortic operations. 
Also minimally invasive procedures improve the standard of care. Therefore, we will 
continue to update and develop new endovascular techniques for complex (juxtarenal) 
aortic aneurysm repair.
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FUTURE STUDIES
The pathophysiology of aortic aneurysms. The role of leukocytes, oxidative stress 
and specific proteins.
If an AAA ruptures only 50% of the patients will reach the hospital alive and even 
after reaching the hospital the total mortality rate is up to 90%61. Thirty to fifty per 
cent of the patients will not survive the acute repair62. The most important predictive 
value of an aneurysm rupture is the growth of the aneurysm diameter. According to 
the Dutch consensus surgical intervention is indicated when the diameter exceeds 5.5 
cm in men and 5.0 cm in women, when the diameter expands more than 1 cm per 
year or when a patient experiences symptoms. Despite these criteria aneurysms still 
rupture. The pathophysiology of abdominal aortic aneurysms (AAAs) remains unclear. 
Despite surgical advances, the prognosis of ruptured AAAs remains poor and the overall 
mortality high62. Although abdominal aortic aneurysms frequently occur in patients 
with atherosclerosis and these two disease processes share several common risk factors, 
they are in fact two different diseases. There are several important differences between 
the two diseases. Atherosclerotic lesions are predominantly intimal in location, whereas 
the media and adventitia are primarily involved in aneurysms. The hallmark pathologic 
feature of atherosclerosis is foam-cell formation, whereas the pathophysiology of aortic 
aneurysm involves inflammation and oxidative stress. Progressive dilatation of the 
aortic wall in abdominal aortic aneurysm (AAA) is associated with extracellular matrix 
breakdown. The growth of the AAA is dependent on proteolytic degradation of elastin; 
deterioration of the vascular lamina media by smooth muscle cell (SMC) apoptosis and 
extracellular matrix (ECM) degeneration63,64. Intense oxidative stress, inflammation with 
invading white blood cells producing reactive oxygen species (ROS), genetic factors, 
matrix degradation, and apoptosis of smooth-muscle cells all likely play a role in AAA 
formation (Figure 10.3)65-70. 
A protein that possibly plays a key role in the pathophysiology of aneurysm development 
is Lipocalin-2 or Neutrophil Gelatinase-Associated Lipocalin (NGAL), a small 25kDa 
protein. The specific function of NGAL is yet to be explored but neutrophil secretion is 
known to be a source of NGAL expression in aneurysms71. In addition to ROS, matrix 
metalloproteinase-9 (MMP-9) is important in aneurysm development (Figure 10.3). 
MMP-9 is responsible for SMC apoptosis and degeneration of the extracellular matrix 
in the lamina media respectively71. So far NGAL is suspected for exerting a protective 
function at sites of oxidative stress. However, in the process of extracellular matrix 
degradation by MMP-9, NGAL seems to stimulate the enzymatic function by binding 
and activating the MMP-9 enzyme and protecting it from auto-degradation72. The exact 
role of NGAL in aneurysm development requires further study.
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Figure 10.3. Reactive oxygen species and inflammation are involved in the formation of a 
abdominal aortic aneurysm. Matrix metalloproteinase-9 (MMP-9) is involved in degeneration 
of the extracellular matrix and smooth muscle cells apoptosis. Neutrophil Gelatinase-Associated 
Lipocalin (NGAL) plays a role in activating MMP-9, but NGAL has also a protective function at 
sites of oxidative stress and its expression can be induced by reactive oxygen species. The exact role 
of NGAL in aortic aneurysm development is yet to be explored.
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Transforming Growth Factor beta (TGFβ) is one of the proteins, which plays a role 
in the genetic pathway of aortic aneurysm formation70. TGFβ is a compound that is 
indirectly responsible for the transcription of several important connective tissue 
proteins. Elevated TGFβ signalling has been implicated in the pathogenesis of syndromic 
presentations of aortic aneurysm like Marfan syndrome and Loeys-Dietz syndrome70,73. 
The TGFβ is sequestered in the Extracellular Matrix (ECM) in the form of a Large Latent 
Complex (LLC complex). The LLC is transported to the target cell and via modification 
of the LLC the TGFβ molecule gets released. The released TGFβmolecule attaches itself 
to a TGFβ-Receptors and influences in the cell several transcription factors74. In Marfan 
patients, who often have an aneurysm, there is frequently a mutation in the gene for 
Fibrilline 1 (FBN-1)70. FBN-1 protein normally binds to TGFβ. Secondary to mutated 
fibrillin, excessive TGFβ is present in lungs, heart valves and aorta. Also patients suffering 
from an aneurysm often have an increase in TGFβ74. 
We propose that future studies in the roles of lipocalin-2 and TGFβ will be usefull for 
elucidation of important pathophysiological aspects of aortic aneurysm formation.

We are hopeful that these future translational studies may yield new strategies for 
prevention, diagnosis as well as better treatment options for patients.

new chapter 10.indd   209 12-12-12   11:39



References

210

References

1. Taylor SM, Mills JL, Fujitani RM. The juxtarenal abdominal aortic aneurysm. A more common problem 
than previously realized? Arch Surg. 1994;129:734-7.

2. Knott AW, Kalra M, Duncan AA Reed NR, Bower TC, Hoskin TL, Olderich GS, Gloviczki P. Open repair 
of juxtarenal aortic aneurysms (JAA) remains a safe option in the era of fenestrated endografts. J Vasc Surg. 
2008;47:695-701.

3. Haase M, Bellomo R, Devarajan P, Schlattmann P, Haase-Fielitz A; NGAL Meta-analysis Investigator 
Group. Accuracy of neutrophil gelatinase-associated lipocalin (NGAL) in diagnosis and prognosis in acute 
kidney injury: a systematic review and meta-analysis. Am J Kidney Dis. 2009;54:1012-24.

4. Gollin G, Marks C, Marks WH. Intestinal fatty acid binding protein in serum and urine reflects early 
ischemic injury to the small bowel. Surgery. 2009;113:545-51.

5. Allen BT, Anderson CB, Rubin BG, Flye MW, Baumann DS, Sicard GA, et al. Preservation of renal 
function in juxtarenal and suprarenal abdominal aortic aneurysm repair. J Vasc Surg. 1993;948-59.

6. Nypaver TJ, Shepard AD, Reddy DJ, Elliott J, Smith RF, Ernst CB. Repair of pararenal abdominal aortic 
aneurysms: An analysis of operative management. Archives of Surgery. 1993;803-13.

7. Jean-Claude JM, Reilly LM, Stoney RJ, Messina LM. Pararenal aortic aneurysms: The future of open 
aortic aneurysm repair. J Vasc Surg. 1999;902-12.

8. Sarac TP, Clair DG, Hertzer NR, Greenberg RK, Krajewski LP, O’Hara PJ, Ouriel K. Contemporary 
results of juxtarenal aneurysm repair. Journal of Vascular Surgery 2002;1104-11.

9. Chiesa R, Marone EM, Brioschi C, Frigerio S, Tshomba Y, Melissano G. Open repair of pararenal aortic 
aneurysms: Operative management, early results, and risk factor analysis. Ann Vasc Surg. 2006;739-46.

10. Knott AW, Kalra M, Duncan AA, Reed NR, Bower TC, Hoskin TL, Oderich GS, Gloviczki P. Open 
repair of juxtarenal aortic aneurysms (JAA) remains a safe option in the era of fenestrated endografts. J 
Vasc Surg. 2008;695-701.

11. Legrand M, Almac E, Mik EG, Johannes T, Kandil A, Bezemer R, Payen D, Ince C. L-NIL prevents renal 
microvascular hypoxia and increase of renal oxygen consumption after ischemia-reperfusion in rats. Am J 
Physiol Renal Physiol. 2009;296:F1109-17.

12. Zager RA. Partial aortic ligation: a hypoperfusion model of ischemic acute renal failure and a comparison 
with renal artery occlusion. J Lab Clin Med. 1987;110:396-405.

13. Palm F, Onozato ML, Luo Z, Wilcox CS. Dimethylarginine dimethylaminohydrolase (DDAH): 
expression, regulation, and function in the cardiovascular and renal systems. Am J Physiol Heart Circ 
Physiol. 293: H3227-45, 2007.

14. Antoniades C, Shirodaria C, Leeson P, Antonopoulos A, Warrick N, Van-Assche T, Cunnington C, 
Tousoulis D, Pillai R, Ratnatunga C, Stafanadis C, Channon KM. Association of plasma asymmetrical 
dimethylarginine (ADMA) with elevated vascular superoxide production and endothelial nitric oxide 
synthase uncoupling: implications for endothelial function in human atherosclerosis. Eur Heart J. 2009; 
30:1142-50.

new chapter 10.indd   210 12-12-12   11:39



10

References

211

15. Teerlink T. ADMA metabolism and clearance. Vasc Med. 2005; 10:S73-81.

16. Hong NJ, Garvin JL.  Flow increases superoxide production by NADPH oxidase via activation of 
Na-K-2Cl cotransport and mechanical stress in thick ascending limbs. Am J Physiol Renal Physiol. 
2007;292:F993-8.

17. Antoniades C, Demosthenous M, Tousoulis D, Antonopoulos AS, Vlachopoulos C, Toutouza M, Marinou 
K, Bakogiannis C, Mavragani K, Lazaros G, Koumallos N, Triantafyllou C, Lymperiadis D, Koutsilieris 
M, Stefanadis C. Role of asymmetrical dimethylarginine in inflammation-induced endothelial dysfunction 
in human atherosclerosis. Hypertension. 2011 ;58 :93-8.

18. Boveris A, Oshino N, Chance B. The cellular production of hydrogen peroxide. Biochem J. 1972;128:617-
30.

19. Ducrocq C, Blanchard B, Pignatelli B, Ohshima H. Peroxynitrite: an endogenous oxidizing and nitrating 
agent. Cell Mol Life Sci. 1999; 55:1068-77.

20. Weight SC, Bell PR, Nicholson ML. Renal ischaemia-reperfusion injury. Br J Surg.  1996; 83:162-70.

21. Nijveldt RJ, Van Leeuwen PA, Van Guldener C, Stehouwer CD, Rauwerda JA, Teerlink T. Net renal 
extraction of asymmetrical (ADMA) and symmetrical (SDMA) dimethylarginine in fasting humans. 
Nephrol Dial Transplant. 2002;17:1999-2002.

22. Schwedhelm E, Boger RH. The role of asymmetric and symmetric dimethylarginines in renal disease. Nat 
Rev Nephrol. 2011;7:275-85.

23. Levy MN. Oxygen consumption and blood flow in the hypothermic, perfused kidney. Am J Physiol. 
1959;197:1111-4.

24. Zager RA, Gmur DJ, Bredl CR, Eng MJ. Degree and time sequence of hypothermic protection against 
experimental ischemic acute renal failure. Circ Res. 1989;65:1263-9.

25. Dottori O, Ekestrom S, Hansson LO. Local cooling of the kidney using perfusion technique. Animal 
experimental studies with special regard to the type of perfusion fluid and the perfusion pressure. Acta 
Chir Scand. 1962;124:80-6.

26. Harvey RB. Effects of temperature on function of isolated dog kidney. AM J Physiol. 1959;197:181-6.

27. Semb G, Krog J, Johansen K. Renal metabolism and blood flow during local hypothermia, studied by 
means of renal perfusion in situ. Acta Chir Scand Suppl. 1960;253:196-202. 

28. Yin M, Currin RT, Peng XX, Mekeel HE, Schoonhoven R, Lemasters JJ. Different patterns of renal cell 
killing after warm and cold ischemia. Ren Fail. 2002;24:147-63.

29. Secin FP. Importance and limits of ischemia in renal partial surgery: experimental and clinical research. 
Adv Urol. 2008:102461.

30. Ackermann D, Lenzin A, Tscholl R. Renal hypothermia in situ. Comparison between surface and perfusion 
cooling concerning renal function in pigs (author’s transl). Urologe A. 1979;18:38-43.

new chapter 10.indd   211 12-12-12   11:39



References

212

31. Marberger M, Eisenberger F. Regional hypothermia of the kidney: surface of transarterial perfusion of 
cooling? A functional study. J Urol. 1980;124:179-183.

32. Doorschodt BM, Schreinemachers MC, Behbahani M, Florquin S, Weis J, Staat M, Tolba RH. Hypothermic 
machine perfusion of kidney grafts: which pressure is preferred. Ann Biomed Eng. 2011;39:1051-9.

33. Ahlenstiel T, Burkhardt G, Köhler H, Kuhlmann MK. Improved cold preservation of kidney tubular cells 
by means of adding bioflavonoids to organ preservation solutions. Transplantation. 2006;81:231-9.

34. Sandouka A, Fuller BJ, Mann BE, Green CJ, Foresti R, Motterlini R. Treatment with CO-RMs during 
cold storage improves renal function at reperfusion. Kidney Int. 2006;69:239-47.

35. Köksoy C, LeMaire SA, Curling PE, Raskin SA, Schmittling ZC, Conklin LD, Coselli JS. Renal perfusion 
during thoracoabdominal aortic operations: cold crystalloid is superior to normothermic blood. Ann 
Thorac Surg. 2002;73:730-8.

36. Reiher L, Vosberg H, Sandmann W. Kidney protection in preventing post-ischaemic renal failure during 
thoracoabdominal aortic aneurysm repair: does prostaglandin E1 together with cooling provide more 
protection than cooling alone? Vasa. 2001;30:21-3.

37. Haase M, Bellomo R, Devarajan P, Schlattmann P, Haase-Fielitz A; NGAL Meta-analysis Investigator 
Group. Accuracy of neutrophil gelatinase-associated lipocalin (NGAL) in diagnosis and prognosis in acute 
kidney injury: a systematic review and meta-analysis. Am J Kidney Dis. 2009;54:1012-24.

38. Kuwabara T, Mori K, Mukoyama M, Kasahara M, Yokoi H, Saito Y, Yoshioka T, Ogawa Y, Imamaki 
H, Kusakabe T, Ebihara K, Omata M, Satoh N, Sugawara A, Barasch J, Nakao K. Urinary neutrophil 
gelatinase-associated lipocalin levels reflect damage to glomeruli, proximal tubules, and distal nephrons. 
Kidney Int. 2009;75: 285-94.

39. Roudkenar MH, Halabian R, Roushandeh AM, Nourani MR, Masroori N, Ebrahimi M, Nikogoftar M, 
Rouhbakhsh M, Bahmani P, Najafabadi AJ, Shokrgozar MA. Lipocalin 2 regulation by thermal stresses: 
protective role of Lcn2/NGAL against cold and heat stresses. Exp Cell Res. 2009;315:3140-51.

40. Lieberman JM, Sacchettini J, Marks C, Marks WH. Human intestinal fatty acid binding protein: Report 
of an assay with studies in normal volunteers and intestinal ischemia. Surgery. 1997;121:335-42.

41. Gollin G, Marks C, Marks WH. Intestinal fatty acid binding protein in serum and urine reflects early 
ischemic injury to the small bowel. Surgery. 2009;113:545-51.

42. Brandt CP, Piotrowski JJ, Alexander JJ. Flexible sigmoidoscopy a reliable determinant of colonic ischemia 
following ruptured abdominal aortic aneurysm. Surg Endosc. 1997;11:113-5.

43. Champagne BJ, Lee EC, Valerian B, Mulhotra N, Mehta M. Incidence of Colonic Ischemia after Repair of 
Ruptured Abdominal Aortic Aneurysm with Endograft. J Am Coll Surg. 2007;204:597-602.

44. Björck M, Bergqvist D, Troëng T. Incidence and clinical presentation of bowel ischaemia after aortoiliac 
surgery -- 2930 operations from a population-based registry in Sweden. Eur J Vasc Endovasc Surg. 
1996;12:139-44.

45. Van Biesen W, Lameire N, Vanholder R, Mehta R: Relation between acute kidney injury and multiple-
organ failure: the chicken and the egg question. Crit Care Med. 2007;35:316-7.

new chapter 10.indd   212 12-12-12   11:39



10

References

213

46. Bihorac A, Yavas S, Subbiah S, Hobson CE, Schold JD, Gabrielli A, Layon AJ, Segal MS: Long-term risk 
of mortality and acute kidney injury during hospitalization after major surgery. Ann Surg. 2009;249:851-
8.

47. Ostermann M: Acute kidney injury on admission to the intensive care unit: where to go from here? Crit 
Care. 2008;12:189.

48. Bicknell CD, Cheshire NJ, Riga CV, Bourke P, Wolfe JH, Gibbs RG, Jenkins MP, Hamady M. Treatment 
of complex aneurysmal disease with fenestrated and branched stent grafts. Eur J Vasc Endovasc Surg. 
2009;37:175-81.

49. Chuter TA. Fenestrated and branched stent-grafts for thoracoabdominal, pararenal and juxtarenal aortic 
aneurysm repair. Semin Vasc Surg. 2007;20:90-96.

50. Ricotta JJ, Oderich GS. Fenestrated and branched stent grafts. Perspect Vasc Surg Endovasc Ther. 
2008;20:174-189.

51. Linsen MA, Jongkind V, Huisman L, Yeung KK, Diks J, Wisselink W. Direct videoscopic approach to the 
descending thoracic aorta for aortic arch endograft delivery: evaluation in a porcine model. J Endovasc 
Ther. 2007;14:39-43. 

52. Linsen MA, Jongkind V, Nio D, Hoksbergen AW, Wisselink W. Pararenal aortic aneurysm repair using 
fenestrated endografts. J Vasc Surg. 2012;56:238-46.

53. Linsen MA, Floris Vos AW, Diks J, Rauwerda JA, Wisselink W. Modular branched endograft system 
for aortic aneurysm repair: evaluation in a human cadaver circulation model. Vasc Endovascular Surg. 
2007;41:126-9.

54. Linsen MA, Vos AW, Diks J, Rauwerda JA, Wisselink W. Fenestrated and branched endografts: assessment 
of proximal aortic neck fixation. J Endovasc Ther. 2005;12:647-53. 

55. Vos AW, Linsen MA, Wisselink W, Rauwerda JA. Endovascular grafting of complex aortic aneurysms with 
a modular side branch stent-graft system in a porcine model. Eur J Vasc Endovasc Surg. 2004;2:492-7. 

56. Wisselink W, Abruzzo FM, Shin CK, Ramirez JR, Rodino W, Kirwin JD, Panetta TF. Endoluminal 
repair of aneurysms containing ostia of essential branch arteries: an experimental model. J Endovasc Surg. 
1999;6:171-9. 

57. Allaqaband S, Jan MF, Bajwa T. “The chimney graft”-a simple technique for endovascular repair of complex 
juxtarenal abdominal aortic aneurysms in no-option patients. Catheter Cardiovasc Interv. 2010;75:1111-
5.

58. Lee JT, Greenberg JI, Dalman RL. Early experience with the snorkel technique for juxtarenal aneurysms. 
J Vasc Surg. 2012;55:935-46; discussion 945-6. 

59. Moulakakis KG, Mylonas SN, Avgerinos E. The chimney graft technique for preserving visceral vessels 
during endovascular treatment of aortic pathologies.  J Vasc Surg. 2012;55:1497-503. 

60. Donas KP, Torsello G, Austermann M, Schwindt A, Troisi N, Pitoulias GA. Use of abdominal chimney 
grafts is feasible and safe: short-term results. J Endovasc Ther. 2010;17:589-93.

61. Banke AB, Andersen JS, Heslet L, Johansson PI, Shahidi S. Mortality and morbidity in surgery for 
abdominal aortic aneurysm. Ugeskr Laeger. 2008;170:3430-4.

new chapter 10.indd   213 12-12-12   11:39



References

214

62. Hoornweg LL, Storm-Versloot MN, Ubbink DT, Koelemay MJ, Legemate DA, Balm R. Meta-analysis on 
mortality of ruptured abdominal aortic aneurysms. Eur J Vasc Endovasc Surg. 2008;35:558-70.

63. López-Candales A, Holmes DR, Liao S, Scott MJ, Wickline SA, Thompson RW. Decreased vascular 
smooth muscle cell density in medial degeneration of human abdominal aortic aneurysms. Am J Pathol. 
1997;150:993-1007. 

64. Thompson RW, Liao S, Curci JA.Vascular smooth muscle cell apoptosis in abdominal aortic aneurysms. 
Coron Artery Dis. 1997;8:623-31. 

65. McCormick ML, Gavrila D, Weintraub NL.Role of oxidative stress in the pathogenesis of abdominal 
aortic aneurysms. Arterioscler Thromb Vasc Biol. 2007;27:461-9. 

66. Lindholt JS, Shi GP. Chronic inflammation, immune response, and infection in abdominal aortic 
aneurysms. Eur J Vasc Endovasc Surg. 2006;31:453-63.  

67. Madamanchi NR, Runge MS. NADPH oxidases and atherosclerosis: unraveling the details. Am J Physiol 
Heart Circ Physiol. 2010;298:H1-2.

68. Xiong W, Mactaggart J, Knispel R, Worth J, Zhu Z, Li Y, Sun Y, Baxter BT, Johanning J. Inhibition of 
reactive oxygen species attenuates aneurysm formation in a murine model. Atherosclerosis. 2009;202:128-
34.  

69. Lizarbe TR, Tarín C, Gómez M, Lavin B, Aracil E, Orte LM, Zaragoza C.Nitric oxide induces the 
progression of abdominal aortic aneurysms through the matrix metalloproteinase inducer EMMPRIN. 
Am J Pathol. 2009;175:1421-30. 

70. Nataatmadja M, West J, West M. Overexpression of transforming growth factor-beta is associated with 
increased hyaluronan content and impairment of repair in Marfan syndrome aortic aneurysm. Circulation. 
2006; 114: I371-7. 

71. Folkesson M, Kazi M, Zhu C, Silveira A, Hemdahl AL, Hamsten A, Hedin U, Swedenborg J, Eriksson 
P. Presence of NGAL/MMP-9 complexes in human abdominal aortic aneurysms. Thromb Haemost. 
2007;98:427-33. 

72. Kehrer JP. Lipocalin-2: pro- or anti-apoptotic? Cell Biol Toxicol. 2010;26:83-9.  

73. Goumans MJ, Liu Z, ten Dijke P. TGF-beta signaling in vascular biology and dysfunction. Cell Research. 
2009;19:116-27.

74. Wang Y, Krishna S, Walker PJ, Norman P, Golledge J. Transforming growth factor-β and abdominal aortic 
aneurysms. Cardiovasc Pathol. 2012; http://dx.doi.org/10.1016/j.carpath.2012.07.005.

new chapter 10.indd   214 12-12-12   11:39



10

References

215

new chapter 10.indd   215 12-12-12   11:39



new chapter 11.indd   216 17-12-12   18:45



Nederlandse samenvatting

11
new chapter 11.indd   217 17-12-12   18:45



218

 Nederlandse samenvatting |  Chapter 11Chapter 11  |  Nederlandse samenvatting

SUMMARY IN DUTCH
Nederlandse samenvatting
Juxtarenale aorta aneurysmata: aspecten van de behandeling en reductie van 
postoperatieve complicaties.

Introductie
Vijf tot acht procent van de mannelijke populatie boven de 60 jaar heeft een pathologische 
verbreding van de grote lichaamsslagader: een aneurysma van de aorta. Bij vrouwen komt 
dit voor in 0.7-1.5%. Meestal is deze verwijding in de buik gelegen en begint ruim onder 
de nierslagaders (nierarteriën). Dit wordt een infrarenaal abdominaal aorta aneurysma 
(AAA) genoemd. Vijftien procent van deze AAAs beginnen vlak naast of net onder de 
nierarteriën, en worden dan juxtarenaal aorta aneurysma (JAA) genoemd. Mogelijke 
oorzaken van AAAs zijn atherosclerose, degeneratieve processen in de vaatwand van de 
aorta, erfelijke stoornissen en omgevingsfactoren zoals roken. Meestal hebben patiënten 
geen klachten en wordt bij toeval een AAA ontdekt op bijvoorbeeld een echo of CT-scan 
welke werd gemaakt voor een ander doel.  Meestal treden de symptomen pas op als het 
aneurysma gescheurd is: pijn in de rug en onderbuik en shock.  Na ruptuur van een 
aneurysma (RAAA) overlijdt tot 50% van de patiënten nog voordat het ziekenhuis wordt 
bereikt en kan de uiteindelijke mortaliteit oplopen tot 90%. 

Aangetoond is dat met toenemende diameter van een aneurysma het risico op een ruptuur 
ook toeneemt. In de richtlijnen van de Nederlandse Vereniging voor Vaatchirurgie wordt 
aanbevolen om AAAs gepland te opereren wanneer ze een bepaalde diameter bereiken: 
bij mannen 55 mm en bij vrouwen 50 mm, of bij een groei van meer dan 5 mm per jaar. 
Bij kleinere diameters of bij afwezigheid van groei is de kans op ruptuur erg klein. Bij 
symptomen als rugpijn of buikpijn in afwezigheid van een ruptuur spreken we van een 
symptomatisch AAA, en wordt urgent geopereerd om een ruptuur te voorkomen. De 
operatieve behandeling van AAAs kan bestaan uit endovasculair herstel (Endovascular 
Aneurysm Repair oftewel EVAR) of open herstel waarbij via een laparotomie (openen 
van de buikholte) een kunststof prothese wordt ingehecht ter vervanging van het 
aorta aneurysma. Bij EVAR wordt er via de liesslagaders een stent geschoven in het 
aorta aneurysma, wat een minimaal invasieve procedure is. Echter niet alle AAAs zijn 
geschikt voor EVAR. Bij een aneurysma dat te dicht bij de nierarteriën begint, zoals bij 
JAAs, kan de stent zich bij een normale diameter van de aorta niet vastzetten onder de 
nierarteriën, omdat de lengte van gezonde vaatwand dan te gering is. In deze situatie is 
een open herstel vaak nodig. Bij open herstel van JAAs is het nodig om een klem op de 
aorta te plaatsen boven de nierarteriën. Een groot nadeel hiervan is dat dit een periode 
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zonder bloeddoorstroming in de nieren induceert. Na verwijdering van de klem komt de 
bloedstroom naar de nieren weer op gang, hetgeen leidt tot ischemie-reperfusie schade 
van de nieren, met vaak postoperatief nierfalen tot gevolg.

Het onderzoek beschreven in dit proefschrift dient om nieuwe inzichten te krijgen in het 
voorkomen van postoperatief nierfalen bij JAA herstel door hetzij de nieren te koelen 
tijdens open operaties of door mogelijkheden voor endovasculair herstel (via EVAR) 
te vergemakkelijken. Deel I van dit proefschrift beschrijft de klinische studies waarin 
postoperatief nierfalen wordt voorkomen door de nieren te koelen gedurende open herstel 
van JAA. Deel II behandelt de pathofysiologie van nierfalen bij JAA herstel en waarom 
nierkoeling effectief is om nierfalen te voorkomen. In deel III worden nieuwe methoden 
onderzocht voor behandeling met EVAR bij JAA herstel. 

Deel I. Juxtarenale aorta aneurysmata: nierkoeling en reductie van postoperatief 
nierfalen. 
De klinische studies.
Renale ischemie-reperfusie is één van de meest voorkomende oorzaken van acuut 
nierfalen, hetgeen weer kan leiden tot dialyse-afhankelijkheid en multipel (meervoudig) 
orgaan falen (MOF). Een belangrijke oorzaak van renale ischemie treedt op tijdens 
aortachirurgie waarbij de aorta boven de nierarteriën wordt afgeklemd, wat nodig 
is bij open herstel van JAAs. Er zijn verschillende methoden en technieken om de 
nierfunctie te preserveren tijdens JAA operaties. Eén mogelijke methode is om de nieren 
tijdelijk te koelen gedurende de renale ischemietijd. Deze methode is afgeleid vanuit de 
transplantatiegeneeskunde waar de organen gekoeld worden om deze tijdens transport te 
preserveren. In de praktijk wordt in verschillende klinieken de gekoelde preservatiemethode 
reeds selectief gebruikt bij hoog risico patiënten (waarbij men langdurig renale ischemie 
verwacht rond de operatie of bij patiënten met preoperatieve nierinsufficiëntie). Het is 
echter nog niet aangetoond of koeling van de nieren ook daadwerkelijk vermindering 
geeft van postoperatieve nierschade, waardoor de techniek maar zelden wordt toegepast 
tijdens reguliere aortaoperaties.

In Hoofdstuk 2 hebben we een systematisch literatuuronderozek (systematic review) 
uitgevoerd om te kijken hoe vaak nierfalen gerapporteerd wordt na JAA operaties en hoe 
vaak er nierkoeling wordt toegepast. Tussen 1986 en 2008 zijn er eenentwintig studies 
gepubliceerd waarin 1256 patiënten worden beschreven. De perioperatieve mortaliteit was 
2.9% en de incidentie van dialyse 3.3%. Nierinsufficiëntie na de operatie kwam 0-28% 
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voor (mediaan 12.5%). In zes studies is er selectief nierkoeling toegepast gedurende renale 
ischemie bij hoog risico patiënten en slechts in één studie is er routinematig nierkoeling 
toegepast bij alle patiënten (onze eigen studie beschreven in Hoofdstuk 3).

We hebben in onze kliniek retrospectief gekeken naar het effect van gekoelde preservatie 
van de nieren tijdens renale ischemie bij electief (dit wil zeggen vooraf geplande) en 
acuut geruptureerde JAA-operaties. In Hoofdstuk 3 beschrijven we de resultaten van 
de toepassing van standaard routinematige nierkoeling bij electieve JAA operaties. 
Nierkoeling werd gegeven gedurende de renale ischemieperiode (tijdens de suprarenale 
klemperiode). De nieren werden geperfundeerd met een NaCl 0,9% oplossing met een 
initiële temperatuur van 4ºC via 9 French “balloon-tipped Pruitt irrigation catheters”, 
welke ingebracht waren in de ostia van de nierarteriën via het geopende aneurysma. 
De resultaten lieten zien dat, in deze weliswaar kleine studie, bij gestandaardiseerde 
nierkoeling niemand postoperatief nierfalen ontwikkelde en niemand is overleden 
gedurende de opname en in de periode van 30 dagen postoperatief.  

In Hoodstuk 4 hebben we acuut herstel van geruptureerde JAAs retrospectief 
onderzocht. Hierbij bleek dat we in bijna de helft van de acute patiënten nierkoeling 
hebben toegepast gedurende de JAA operatie. In totaal hadden 11 van de 21 patiënten 
postoperatief nierinsufficiëntie en ook 11 van de 21 patiënten ontwikkelden multipel 
orgaan falen (MOF). Bij tien patiënten werd nierkoeling toegepast; in deze subgroep 
was de postoperatieve mortaliteit 2/10 versus 8/11 in de subgroep zonder nierkoeling. 
Postoperatief nierfalen werd gezien in 1/10 in de subgroep waarbij nierkoeling was 
toegepast, versus 10/11 waarbij geen nierkoeling toegepast was; MOF kwam in 2/10 
versus 9/11 voor.

Uit deze studies blijkt dat nierkoeling gedurende renale ischemie bij JAA operaties 
belangrijk is en postoperatief nierfalen en mortaliteit voorkomt (met name in de 
geruptureerde situatie). De nieren lijken vooral in acute situaties een cruciale rol te spelen 
bij de ontwikkeling van multipel orgaan falen, shock en sepsis, wat uiteindelijk kan leiden 
tot de dood. 
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Deel II. Juxtarenale aorta aneurysmata: nierkoeling en reductie van postoperatief 
nierfalen en colon schade. 
Experimentele studies.
De bovenstaande studies hadden onze interesse naar de werking van nierkoeling op 
nierfunctie gewekt. Wij hebben om deze reden de ontwikkeling van postoperatief nierfalen 
bij JAA operaties en de effecten van nierkoeling verder onderzocht in een representatief 
“JAA operatie model” in ratten.

De pathofysiologie van nierfalen en multipel orgaan falen na aortaoperaties is nog 
steeds niet opgehelderd. Eén van de mogelijke mechanismen is dat schade in de organen 
na ischemie-reperfusie komt door een uit balans geraakte stikstofmonoxide (NO)-
productie. NO is een vasodilator en heeft ook een belangrijke invloed op de vorming 
van zuurstofradicalen, welke op hun beurt zeer schadelijk voor het herstel van de nieren 
kunnen zijn. NO zorgt voor een goede doorbloeding van de organen met name tijdens 
stress (operatie, infectie). Asymmetrisch dimethylarginine (ADMA) is een endogene 
(door het lichaam zelf geproduceerde) NO-remmer. De nieren reguleren de ADMA-
concentraties in het bloed en zorgen ervoor dat deze concentraties niet te hoog worden. 
Hoge ADMA-concentraties zijn geassocieerd met slechte overlevingskansen bij ernstig 
zieke patiënten. 

In Hoofdstuk 5 hebben we JAA herstel in ratten gesimuleerd. Hieruit bleek dat tijdens 
de JAA operatie niet alleen de renale ischemiefase voor nierfalen zorgt, maar ook de 
reperfusiefase zeer schadelijk is. Bij een JAA operatie wordt er een klem op de aorta 
geplaatst boven de nierarteriën en een klem op de aortabifurcatie zodat het aneurysma 
geopend kan worden. Nadat de proximale anastomose klaar is, zal de proximale klem 
verplaatst worden van boven de nierarteriën naar onder de nierarteriën zodat de nieren 
weer doorbloed worden. Dan wordt de distale anastomose verricht en vervolgens worden 
alle klemmen verwijderd (de klem onder de nierarteriën en de klem op de bifurcatie). De 
nieren ondergaan niet alleen ischemie en reperfusie tijdens JAA operaties, maar ze worden 
ook hemodynamisch verstoord. Wanneer de klem onder de nierarteriën gepositioneerd 
is krijgen de nieren na een renale ischemietijd in één keer veel bloed toegevoerd met 
relatief hoge drukken. Vervolgens zullen er bij het verwijderen van beide klemmen 
zuurstofradicalen uit de onderste ledematen vrijkomen. Doordat het bloed weer 
doorstroomt naar de benen zal er tevens een korte bloeddrukdaling en een verminderde 
bloeddoorstroming in de nieren optreden. Nierfalen na JAA herstel komt dus door 
ischemie-reperfusie schade van de nieren en door een verstoorde hemodynamiek.
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In Hoofdstuk 6 hebben we JAA herstel nagebootst in ratten en hierbij de nieren 
geperfundeerd met warme of koude 0.9% NaCl oplossing gedurende renale ischemie, 
en dit vergeleken met renale ischemie zonder perfusie. Hierin hebben wij het NO-
systeem, oxidatieve stress, inflammatie en nieuwe markers voor nierschade (naast het 
bekende creatinine) onderzocht. In de rattenstudie bleek dat gekoelde nieren tijdens 
JAA-herstel ADMA nog kunnen klaren en hiermee in verschillende organen een grotere 
beschikbaarheid van NO aanwezig blijft, waardoor in elk geval de nieren een betere 
doorbloeding vertoonden met verminderde oxidatieve stress en verminderde inflammatie 
ten opzichte van niet-gekoelde nieren. Verder onderzochten we in dit hoofdstuk niet 
alleen ischemie-reperfusieschade van de nieren, maar hebben we ook naar een relatie met 
multipel orgaan falen gezocht (zie Hoofdstuk 7, onderstaand).

In Hoofdstuk 7 hebben we het colon onderzocht na JAA operaties bij ratten en ook 
hierbij gekeken naar het effect van nierkoeling. Colonschade, en vooral schade in het 
laatste deel van het colon, het sigmoid, komt voor in 5-10% na electieve AAA operaties 
en in 10-60% na acute AAA operaties. Dit kan optreden door hypoperfusie van het 
sigmoid door inadequate collaterale bloedvoorziening van de arteria mesenterica superior 
en de hypogastrische arteriën. In onze rattenstudie bleek in alle ratten na JAA herstel 
beginnende sigmoidschade voor te komen. In het sigmoid van de ratten die JAA-herstel 
met nierkoeling hadden ondergaan werd verminderde inflammatie in de darmwand 
gezien met een behouden doorstroming van de kleinste bloedvaten (microcirculatie). 
Gekoelde nieren bleken ADMA nog voldoende te klaren en hierdoor bleef blijkbaar het 
aanbod van NO genoeg om ook in de darmen een goede bloeddoorstroming te behouden. 
Nierkoeling gedurende JAA herstel blijkt dus postoperatief nierfalen en multipel orgaan 
falen te kunnen voorkomen en postoperatieve mortaliteit te verlagen. 

Deel III. Nieuwe endovasculaire technieken voor herstel van aorta aneurysmata. 
Experimentele studies.
Een andere behandeloptie van AAAs is endovasculair herstel (Endovascular Aneurysm 
Repair oftewel EVAR). Bij EVAR wordt er via de liesslagaders een stent ter plaatse van 
het aorta aneurysma geschoven. Niet alle patiënten met een AAA kunnen endovasculair 
behandeld worden. De liesslagaders van patiënten kunnen bijvoorbeeld een te gekronkeld 
verloop hebben, een stenose hebben of te verkalkt zijn. In Hoofdstuk 8 hebben we een 
nieuwe benadering onderzocht in een humane kadaverstudie. Hierbij werd de aorta 
thoracalis descendens onder videoscopische assistentie direct aangeprikt om vervolgens 
de juxtarenale aorta (verlopend naast de nierarteriën) en de aorta thoracalis ascendens te 
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kunnen stenten. Dit bleek een goede alternatieve methode te zijn om de aortaboog en de 
juxtarenale abdominale aorta te benaderen.  

In het geval van een JAA, begint het aneurysma te dicht bij de nierarteriën en is de hals te 
kort om de stent te kunnen plaatsen. In deze situatie kan er gebruik gemaakt worden van 
gefenestreerde stents of stents met zijtakken, zodat de nierarteriën ook gestent worden. 
Deze stents worden op maat gemaakt, waardoor de stents vaak alleen in electieve situaties 
bij een patiënt geplaatst kunnen worden (gemiddelde levertijd van 2 maanden). De 
zogenaamde “chimney graft” (CG) techniek maakt gebruik van parallelle stents naast de 
hoofdstent in de aorta en behoudt zo de perfusie naar viscerale en renale bloedvaten bij 
aneurysmata met een ‘moeilijke’ hals. Een belangrijk voordeel hierbij is dat het in acute 
situatie geplaatst kan worden, omdat er standaard stents (d.w.z. stents die al kant en 
klaar op de angiokamer standaard aanwezig zijn) gebruikt kunnen worden. Echter door 
een mogelijk slechte “sealing” (of “aansluiting”) van CGs en de hoofdstent in de aorta 
ontstaan zgn. “gutters” (nauwe kanalen), welke tot endoleaks (lekkages) kunnen leiden. 
Meerdere studies hebben aangetoond dat deze lekkages bij kleine “gutters” spontaan 
verdwijnen. Er zijn een aantal patiëntenstudies bekend waarin de CG techniek gebruikt 
wordt. Echter zijn er weinig studies bekend die de optimale configuratie tussen CGs en 
de hoofdstent hebben onderzocht. 

In Hoofdstuk 9 hebben we een studie verricht in een in-vitro aneurysma model met 
als doel het vinden van de optimale CG configuratie waarbij “gutters” en compressie 
van de stents minimaal waren. CG configuraties met verschillende maten Excluder 
hoofdstents en zelf-ontplooiende Viabahn en ballon-ontplooiende Atrium stents (CG’s) 
werden getest in in-vitro, silicone aneurysma-modellen. De configuraties werden gescand 
in een MSCT-scanner (Philips). De resultaten lieten zien dat bovenin de “sealing” zone 
de “gutters” significant groter waren met ballon-ontplooiende Atrium CGs dan met 
zelf-ontplooiende Viabahn CGs in combinatie met een 23 mm Excluder hoofdstent. 
Compressie van de hoofdstent was het grootst wanneer 12 en 13 mm CGs werden 
gebruikt in vergelijking met 6 mm CGs. Deze studie geeft weer dat verschillende stents en 
stent-groottes verschillende eigenschappen hebben die mogelijk niet de meest optimale 
configuratie leveren als ze samen worden geplaatst als chimney configuratie.
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Hoofdconclusie
Postoperatief nierfalen na open juxtarenale aorta operaties komt vaak voor. De klinische 
en experimentele studies in dit proefschrift tonen aan dat postoperatief nierfalen na open 
juxtarenale aorta operaties te voorkomen is door de nieren te perfunderen met koud 
fysiologisch zout gedurende de periode waarin er geen bloeddoorstroming is door de 
nieren. Tijdens de operatie is de hemodynamiek verstoord en dit heeft een nadelig effect 
op de nieren. Echter door de nieren te koelen behouden zij hun functie om onder andere 
assymetrisch dimethylarginine (ADMA) te klaren. Door voldoende klaring van ADMA 
blijft de beschikbaarheid van stikstofmonoxide intact om genoeg bloeddoorstroming in 
onder andere de nieren en de darmen te handhaven. Een goede bloeddoorstroming door 
de organen voorkomt multipel orgaan falen. Naast open herstel kan ook endovasculair 
herstel van juxtarenale aorta aneurysmata toegepast worden. Echter deze techniek is nog 
relatief ingewikkeld. Het is vereist om deze techniek te optimaliseren en te actualiseren 
zodat op de meest effectieve en veilige manier minimaal invasief een juxtarenaal aorta 
aneurysma hersteld kan worden.
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DANKWOORD
Mijn passie voor onderzoek heb ik te danken aan de inspirerende personen en leermeesters 
wie ik in het prille begin van mijn studie geneeskunde heb mogen ontmoeten. Daarnaast 
is de mogelijkheid om onderzoek te verrichten een privilege dat ik te danken heb aan 
jullie. Met toewijding richt ik me tot jullie allen die ik in onderstaand dankwoord vermeld 
heb, maar ook aan iedereen die op enigerlei wijze een fantastische steun is geweest in de 
afgelopen jaren: hartelijk dank!

Allereerst wil ik mijn proefschrift opdragen aan mijn 
allerliefste ouders. Mama en Papa, jullie hebben mij 
grootgebracht met veel liefde. Jullie hebben mij discipline 
bijgebracht en hebben mij laten zien dat je alleen met hard 
werken iets kan bereiken. Zonder jullie was ik nergens 
gekomen, jullie hebben mij de wereld laten zien. Er zijn 
bijna geen woorden voor, maar ik ben er heel erg trots op 
dat ik jullie dochter ben. Samen staan wij sterk. 
Wij zijn de “drie musketiers”.  

Mijn promotoren:
Prof. Dr. W. Wisselink, beste Willem, jij bent mijn 
rolmodel, mijn grote voorbeeld, mijn idool. Jouw passie 
voor onderzoek en jouw veelzijdigheid als chirurg zijn niet 
te evenaren. Dit werkt aanstekelijk en inspirerend. Jouw 
talent om steeds weer nieuwe technieken te bedenken, 
chirurg te zijn en tegelijkertijd ook muziek, sport, business 
en bovenal familie op bewonderingswaardige wijze te 
combineren, laten mij zien dat je een multi-talent bent. 
Vanaf het eerste moment dat ik je zag, wist ik het: “Wauw, 
dit is wat ik wil!” En dat denk ik nog steeds. “The sky is 
not the limit...there is no limit!” 
Ik hoop dat ik nog veel van je kan leren en dat dit 
proefschrift pas het begin is! Bedankt dat je altijd in mij 
hebt geloofd. Jij hebt een speciale plaats in mijn hart én 
carrière voor altijd.
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Prof. Dr. G.J. Tangelder, beste Geert Jan, het is een eer dat jij mijn promotor bent. 
Zelden ontmoet je iemand met zoveel mensenkennis en kijk op het leven. Je bent een 
groot voorbeeld van hoe je een afdeling zou moeten leiden. Jouw kritische blik op mijn 
onderzoek heeft geresulteerd in ‘alle puntjes op de i’ en heeft geleid tot nieuwe ideeën. Ik 
wil je enorm bedanken voor de tijd die je altijd voor me vrijmaakt, de artikelbesprekingen 
en de vrijheid die je me hebt gegeven. Bedankt voor jouw steun, vertrouwen in mij en de 
kans die je me hebt gegeven om te groeien als researcher!

Mijn beide co-promotoren,
Prof. Dr. P.A.M. van Leeuwen, beste Paul, jouw ervaring in onderzoek is niet te beschrijven. 
Jij hebt mij in aanraking gebracht met het translationeel experimenteel onderzoek. 
Zonder jou zou ik deze wereld niet kennen. Jij bent altijd kritisch, vernieuwend, creatief 
en denkt in grote lijnen. Jouw visie is inspirerend. Dank dat jij mijn co-promotor bent.

Dr. R.J.P. Musters, beste René, wat bof ik dat ik jou ben tegengekomen! Jij hebt mij 
geïntroduceerd in het leven van de microscopie en fysiologie. Uren in het donker hebben 
mij gebracht in een prachtige wereld vol met kleuren (weliswaar weinig sociaal leven). 
Met jou ben ik gelukkig nog niet klaar, ik ben zo blij dat wij samen nog onderzoeken 
zullen voortzetten. Translationeel onderzoek is wat wij verrichten. Bedankt dat je altijd 
tijd voor me hebt en dat je me op wilt nemen in je team! 

De leden van de promotie- en leescommissie:
Prof. Dr. J.D. Blankensteijn, beste Jan, jij bent echt een wereldman. Jij kan trials opzetten, 
opereren, zeer kritisch en precies zijn, en ook gitaar spelen. Het is een eer dat je in mijn 
leescommissie zit en dat ik met jou verder onderzoek mag doen. Bedankt voor jouw 
enthousiasme dat aanstekelijk werkt!

Prof. Dr. D. Legemate, u bent de eerste die mij complimenteerde tijdens mijn eerste 
presentatie op de Najaarsdag van de Vaatchirurgie. Ik zal dat nooit vergeten. 
Bedankt voor uw tijd en beoordeling van mijn manuscript. Het is een grote eer.

Prof. Dr. V.W.M. van Hinsbergh, uw naam is beroemd en uw visie, werk en ervaring is 
uniek. Ik ben vereerd dat u bereid bent zitting te nemen in de promotiecommissie. Ook 
u bent een groot voorbeeld voor mij.
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Prof. Dr. C.J. Zeebregts, beste Clark, ik ken je nog maar kort, maar je hebt op mij al een 
‘grootse’  indruk gemaakt. Wij delen dezelfde passie voor onderzoek en het is altijd fijn 
om met jou hierover te kunnen praten. Bedankt dat jij in mijn promotiecommissie wil 
deelnemen en hopelijk zullen wij meer gaan samenwerken.

Prof. Dr. P.J. Ko, thank you for your time and effort to read my thesis. It was a wonderful 
time in Taiwan and I will never forget your hospitality and the things you have taught me. 
I hope I can learn even more from you when I will return to Taiwan as a fellow hopefully.

Prof. Dr. Kompanowska-Jezierska, dear Ella, thank you for returning to Amsterdam. It was 
really nice to perform experiments with you. Thank you for sharing your enthusiasm and 
your knowledge about kidney function. I hope you will have a wonderful time here again.

Dr. J.W.D de Waard, u wil ik in het bijzonder bedanken. U bent altijd op de hoogte van de 
nieuwste updates en publicaties op elk gebied en die krijgen wij ook van u in onze mailbox. 
Daarom wist ik zeker dat u mijn proefschrift zou waarderen. Bedankt voor uw tijd en voor 
uw steun. Als mijn opleider in het Westfriesgasthuis kijk ik enorm tegen u op. U mocht 
onder geen voorwaarde ontbreken in mijn promotiecommissie. Het Westfriesgasthuis is de 
plek waar ik ben geboren als AIOS en waar ik elke dag met plezier heen ga. 

Mijn paranimfen:
Vincent Jongkind, jij bent mijn onderzoeksmaatje, mede-AIOS en bovenal een goede 
vriend. Op tal van belangrijke momenten heb jij mij gesteund. Ik vond het fantastisch 
om met jou onderzoek te doen. Het was altijd gezellig en jij hebt een hart van goud. Jouw 
schrijftalent is om jaloers op te zijn. Ik hoop dat wij maatjes voor het leven blijven.

Linn Westin, als ik aan jou denk moet ik al weer lachen. Wat een leuke tijd hebben wij 
altijd! Ik mis je elke dag nu je in Zweden zit. Wij zitten altijd op dezelfde lijn en jij weet 
precies wat ik denk! Jij bent één van mijn beste vriendinnen. Bedankt dat je me altijd hebt 
gesteund.

De vaatchirurgen VUMC:
Dr. A.W.J. Hoksbergen, beste Arjan, jij bent een super vaat- en transplantatiechirurg en 
onderzoeker. Mijn artikelen las je altijd met kritische blik. Je bent altijd optimistisch en 
weet een goede draai aan het artikel te geven. Ik heb veel van je geleerd. Bedankt dat je me 
steunt en mij al het goeds gunt.
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Dr. H.M.E. Coveliers, beste Hans, jij bent een vaatchirurg en zakenman die altijd alles 
op een rijtje heeft. Ik vond het superleuk om met jou onderzoek te doen. Succes met de 
laatste afronding van het proefschrift. Het wordt vast en zeker een zeer mooie promotie. 
Ik kijk er nu al naar uit!

Dr. J.H. Nederhoed, beste Hillian, er is maar 1 vaatchirurg zoals jij. Je kan opereren, bent 
altijd optimistisch en daarnaast ook een goede breakdancer en allround danser. Wat een 
tijd hebben wij samen! Samen onderzoek doen, samen dansen en samen vakantie vieren! 
Jij bent een topper! Ook jij gaat een prachtig proefschrift tegemoet.

Prof. Dr. J.A. Rauwerda, bedankt voor de interesse die u altijd in mij hebt getoond en dat 
u mij hebt gesteund voor de opleiding. 

Denise Nio, Teus Linsen, Jeroen Diks en Floris Vos, jullie zijn mij voorgegaan en wat heb 
ik veel van jullie geleerd! Dank dat ik aan jullie experimenten mocht deelnemen. Floris, 
mijn allereerste artikel heb ik aan jou te danken. Memorabel! Denise, ik ben blij dat ik 
jou ben tegengekomen! Met jou heb ik een echte klik! Jij bent knap, slim, modieus en ik 
geniet altijd als we samen shoppen! 

Mijn collega’s:
In het speciaal het WFG team. Ik ga nog net niet het WFG lied zingen, maar wat is 
Hoorn toch een fijne opleidingsplek! Hier heb ik mijn proefschrift afgerond! Dank voor 
jullie steun.
Allereerst mijn bazen:
Dr. J.W.D. de Waard, beste Jan Willem, u heb ik zojuist al genoemd, maar nogmaals 
bedankt voor uw steun.
Dr. E. Sonneveld, beste Eric, bedankt voor de tijd die ik van je kreeg om onderzoek te 
verrichten. Ik vind het zo goed hoe jij de assistenten stimuleert tot meer onderzoek. Ook 
van onze gesprekken, met daarin mijn persoonlijke beoordeling, leer ik elke keer weer.
Dr. A. van IJsseldijk, beste Anja, ik herken mezelf in jou. Jij bent een top trauma-
chirurg en jouw directheid neem ik ook over! En door jou weet ik dat plannen en time-
management nog belangrijker zijn dan ik al dacht.
Dr. J. Winkelhagen, beste Jasper, het is heel fijn om jou als supervisor te hebben en jouw 
lach en enthousiasme doen mij beter presteren.
Dr. J. De Haan, beste Jeroen, ik bewonder jouw onderzoeken in de traumachirurgie. 
Jouw proefschrift was een inspiratie om het net zo te doen. Daarnaast hebben we altijd 
een leuke tijd op OK.
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Dr. J. Joosten, beste Joris, jij bent mijn mentor en wat ben ik gezegend hiermee! Jij bent 
het grote voorbeeld! Van elke operatie sta ik steeds weer te kijken. Jij kan werkelijk alles 
opereren. Als ik maar een beetje zoals jij kan worden, ben ik al blij.
Dr. M. Govaert, beste Marc, jij bent een sneltrein van acties en denken. Daarnaast ga je 
mee naar de kermis en hang je op je kop te vertellen in een kotsmisselijke rit hoe Hoorn 
eruit ziet! Jij bent bewonderenswaardig!
Dr. A.M. Wiersema, beste Arno, ik kijk altijd op tegen jouw doorzettingsvermogen en 
jouw wetenschappelijke ambities. Nu ook al in de commissie van de NVvV. Ik ben trots 
dat ik jouw leerling ben en ik hoop nog veel van je te leren. 
Dr. J.K. Kievit, beste Jur, het is mooi om jouw geduld en precisie in opereren te zien. 
Jouw wetenschappelijke interesse stimuleert tot meer. Ik bof met jou als leermeester.
Bedankt voor je steun.

Niet te vergeten zijn de polidames, secretaresses, de OK-assistenten, de verpleegkundigen, 
de Intensive Care (met in het bijzonder dank aan de nachtdiensten: dank aan Kirsten, 
Annelies, Veerle, Eric, Kathleen en Maarten), de telefonisten, de gipspoli, de SEH, de 
anesthesisten, de radiologen; jullie maken mijn dag in het WFG aangenaam (en het zijn 
er echt teveel om bij naam op te noemen). Bedankt voor jullie steun en interesse in het 
proefschrift.

Mijn mede arts-assistenten: allen bedankt voor jullie gezelligheid, medeleven, 
belangstelling en steun!
Speciaal in het WFG: Frederik, Roderick, Niels, Annemijke, Marianne, Stijn, Hans,  
Gisele, Rene, Maartje. Kirsten, jouw boek komt hierna! Gwen, bedankt voor de 
roosterindeling die soms aangepast moest worden voor mijn congresbezoeken en 
proefschrift. Ook degene die het WFG hebben verlaten, dank voor jullie interesse en 
vriendschap: Bart, Marcel, Saskia, Janneke en Liselotte! En Jesse, wat een lol hebben 
we samen! Bedankt voor de leuke tijden! De WFG SEH-artsen (Kate, Bjorn, Tom, 
Marco, Maybritt, Melanie, Kim & more), poortartsen (Matthijs, Marc, Jelte, Roekie) en 
verpleegkundigen: allen bedankt!

Alle chirurgen VUmc bedankt! Prof. Bonjer, prof. Cuesta en dr. Van der Peet: jullie zijn 
mijn voorbeelden. Bedankt voor jullie vertrouwen, interesse en enthousiasme!
Ik hoop nog veel van jullie te leren en kan niet wachten om in het VUmc te starten!

Zhang en Susan Gisberts, dank! Dorothee bedankt voor het meereizen met mij naar alle 
congressen! Jorg, met jou ga ik nog veel meer onderzoek doen...”this is just the start!”.  
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Ernst bedankt voor je gezelligheid tijdens de donkere onderzoeksdagen. Antonio Braucci 
you will get there! Jorgos, jij blijft mijn goede vriend! Arwin, altijd lachen met jou!
Bedankt alle mede AIOS chirurgie: Tjeerd, Ramon, Nicole, Martijn van de Pas, Niels 
Vos, Alexander, Ivar, Gerben, Niels Harlaar, Ivo Beetz, en velen anderen!

Ook bedankt voor de tijd in het Zaans Medisch Centrum: Maarten, Hes, Surya, Matthijs, 
Evelyne, Fabian, Michiel Unger, Christien, Igande en Marieke. Rebecca, bedankt ook 
voor jouw roosteraanpassingen voor mijn onderzoek. In het bijzonder dank aan Prof. 
Dr. A.F. Engel. U heeft altijd in mij geloofd en mij gesteund, ik bewonder uw manier 
van opleiden en uw kennis in onderzoek. Ik kom u snel opzoeken! Dr. den Boer, dr. M. 
Mulder, dr. Strating, dr. J.W. Mulder, dr. Goei en dr. Leenhouts, bedankt voor jullie steun 
en optimisme. Fab-4: Noor, Dorien en Lenneke: dank voor jullie steun en gezelligheid.

De mede-onderzoekers…ik wacht met smacht op jullie boekje! Succes Nikki, Joanna, 
Karen, Gabor, Max, Dieuwertje, Renske, Marjolein, Jeroen Slikkerveer, Charissa van der 
Brom, Mechteld, Jurjan, Lidewine, Jorik, Erienne, Melissa, Jorn en Rick Kwekkeboom! 

Mede-onderzoekers en analisten op de Fysiologie (ook zij die al weg zijn), allen bedankt 
voor jullie gezelligheid en steun. Ik kon altijd op jullie rekenen! Dank aan Nazha, Frances, 
Louis, Nicky, Lynda, Lonneke, Sylvia, Jan van Bezu, Piet Borgdorff, Ed Eringa, Duncan, 
Andreas, Foppo (iedereen van technische dienst), YeunYing, Cora, Ronald, Robert, 
Willem van der Laarse, Ton van Lambalgen, Dr. van Nieuw-Amerongen, Prof. W. J. 
Paulus, Christien, Ingrid, Prof. Dr. J. van der Velden, Esther, Michiel, Pieter Koolwijk, 
Marian Zuidwijk, Sabine, Melanie van der Heijden, Kanita, Caro-Lynn en succes aan 
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