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CHAPTER 2
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MARKERS FOR THE PREDICTION OF 
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ABSTRACT

Objectives: The natural course of abdominal aortic aneurysms (AAA) is growth and 
rupture if left untreated. Numerous markers have been investigated, however, none 
are broadly acknowledged. Our aim was to identify potential prognostic markers for 
AAA growth and rupture.

Methods: Potential circulating, biomechanical and genetic markers were studied. 
A comprehensive search was conducted in PubMed, Embase and Cochrane Library 
in February 2017, following PRISMA guidelines. Study selection, data extraction and 
methodological quality assessment were conducted by 2 independent researchers. 
Plausibility of markers was based on the amount of publications regarding the marker 
(more than 3), pooled sample size (more than 100), bias risk and statistical significance 
of the studies.

Results: 82 studies were included, which examined circulating (n=40), biomechanical 
(n=27), genetic markers (n=7) and combinations of markers (n=8). Factors with an 
increased expansion risk included: AAA diameter (9 studies;n=1938;low bias risk), 
chlamydophila pneumonia (4 studies;n=311;medium bias risk), S-elastin peptides (3 
studies;n=205;medium bias risk), fluorodeoxyglucose uptake (3 studies;n=104;medium 
bias risk) and intraluminal thrombus size (5 studies;n=758;medium bias risk). Factors with 
an increased rupture risk rupture included: peak wall stress (9 studies;n=579;medium 
bias risk) and AAA diameter (8 studies;n=354;medium bias risk). No meta-analysis was 
conducted because of clinical and methodological heterogeneity.

Conclusions: We identified 5 potential markers with a prognostic value for AAA growth 
and 2 for rupture. While interpreting these data one must realize that conclusions are 
based on small sample sizes and clinical and methodological heterogeneity. Prospective 
and methodological consonant studies are strongly urged to further study these 
potential markers.
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1. INTRODUCTION

The natural course of an abdominal aortic aneurysm (AAA) is a steady increase of the 
diameter and eventually, if left untreated, the aneurysm might rupture.1 In most cases 
of AAA, this pathophysiological process remains asymptomatic until rupture. Such 
an event can be prevented by surgical AAA repair. The decision to perform surgery is 
commonly based on 3 characteristics being: 1) the maximum AAA diameter exceeding 
5.0 cm in women and 5.5 cm in men; 2) the experience of symptoms; or 3) the aneurysm 
growth rate exceeds 1 cm/year.2,3 The first 2 characteristics are relatively easy to identify 
by imaging or by questioning the patient. However, the AAA growth rate can only be 
considered retrospectively, as a prognostic value for expansion has not yet been 
acknowledged.

In the current AAA management no marker for aneurysm progression or rupture has 
been implemented as common practice. This might be explained by little existing 
evidence and lack of experience with prognostic markers. Although numerous potential 
markers of aneurysm growth and rupture have been examined, a systematic review 
with a detailed and structured evaluation of markers for AAA expansion and rupture 
is lacking.

The aim of this systematic review was to identify promising markers of aneurysm 
expansion and rupture to aid clinicians in AAA management. We searched for retro- 
and prospective observational studies in which the prognostic value of circulating 
bloodmarkers, biomechanical properties and genetic variations for AAA expansion or 
rupture are investigated.
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2. METHODS

The data, analytic methods, and study materials will be available to other researchers 
at the corresponding author for purposes of reproducing the results.

2.1 Search strategy
A comprehensive search was conducted following Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.4 Separate searches were 
performed in PubMed, Embase and Cochrane Library on February 27th 2017 exploring: 
circulating, biomechanical and genetic markers. The search strategies can be found in 
the appendix. Study titles and abstracts were screened and full texts were examined 
when a study appeared to fulfill the inclusion criteria. In addition, reference lists were 
searched to identify potentially missing studies.

2.2 Study selection and data extraction
Studies were independently selected by 2 reviewers and differences in selected studies 
were discussed. In case of disagreement during the selection process, a third author 
would make the final decision.

Studies examining markers for a correlation with AAA expansion or rupture, were 
included. No limits were placed on year of publication. Inclusion was limited to studies 
published in English and full publications. No attempt was performed to search for ‘grey 
literature’. Case reports, reviews, animal studies and studies regarding inflammatory 
AAA were excluded.

Data extraction was performed independently by 2 reviewers and merged by 
consensus. Using data extraction forms, the following data were extracted: study 
population (gender, age), sample size, results reported either as Pearson or Spearman 
correlations, area under curve, odds ratio, differences between groups, means or 
medians alongside a measure of variance (e.g. range, interquartile range, standard 
deviations) and statistical significance (P-values).

2.3 Quality appraisal of individual studies
The risk of bias was assessed using guidelines provided by Hayden e.a. for evaluating 
the quality of prognosis studies in systematic reviews.5 Accordingly, 6 potential bias 
items were addressed: i) study participation; ii) study attrition; iii) prognostic factor 
measurement; iv) outcome measurement; v) measurement and account of confounders; 
and vi) analysis methods. Every item has 3 to 7 questions; per item an equal amount 
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of points were attributed, resulting in a total percentile score of bias items excluded. 
We classified studies as low risk (75% or more bias items excluded), intermediate risk 
(50-75% bias items excluded) or high risk of bias (less than 50% of bias items excluded). 
The risk of bias is presented and studies are sorted accordingly.

2.4 Data analysis
Reported outcomes of studies include correlation coefficients, statistical significance, 
sample size and quality appraisal. The principal measure reported for each study was 
the correlation between the given biomarkers (i.e. circulating, biomechanical or genetic) 
and a presented outcome change with growth or rupture of AAA. Factors that to pose 
an increased risk of growth or rupture were considered plausible if: i) demonstrated to 
be a marker in 3 or more publications and these publications demonstrated consistent 
results; ii) pooled sample size of more than 100 patients; iii) at least one-third of the 
studies demonstrated a low risk of bias; and iv) statistical significance was reached in 
2/3 of the studies.

In consensus, the authors concluded that a meta-analysis could not be performed due 
to clinical and methodological heterogeneity, which is consistent with current thought.6 
Additionally, a meta-analysis of correlation coefficients is only considered to be reliable 
if more than 30 studies are able to be pooled for the same outcome.7 In the present 
review, a maximum of 9 studies were able to be identified per marker.

3. RESULTS

3.1 Search results
The searches resulted in 760 studies (figure 2.1) of which 605 were excluded based 
on title or abstract (no AAA [n=352]; no biomarker of growth or rupture [n=141]; case 
report, comment or oral presentation only [n=34]; not English [n=37]; not human 
[n=9]; other [n=32]). Consequently, 155 articles were retrieved for full text evaluation 
of which 73 were excluded (no biomarker of growth or rupture [n=54]; review [n=14], 
no AAA [n=4]; inflammatory AAA [n=1]). A total of 82 articles were included: 40 studies 
concerned circulating biomarkers; 27 studies concerned biomechanical markers; 7 
studies concerned genetic markers; and 8 studies described a circulating biomarker 
together with a biomechanical or a genetic marker.
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3.2 Circulating biomarkers
In 48 studies 63 circulating biomarkers were investigated (table 2.1). Most investigated 
circulating markers are part of the coagulation cascade (14 markers); then connective 
tissue turnover (12 markers); lipids (9 markers) and immune response (18 markers). 
Remaining categories concerned smoking, kidney function, hormones and others. The 
following focuses on markers described in 3 or more publications.

Table 2.1 Circulating biomarkers that have been investigated for an association with AAA expansion or rupture. 
Markers are categorized by its (patho)physiological system. Per marker the amount of included studies with 
signifi cant outcomes are shown, as well as the total number of patients in studies pooled.

Marker Total studies 
(n)

Signifi cant 
outcome

Total 
patients (n)

Coagulation

Activated protein C — protein C inhibitor32 1 0 of 1 studies 163

Activated prothrombin time (APTT)27 1 1 of 1 studies 44

D-dimer (see table 2.4)26–28 3 3 of 3 studies 438

Factor XII40 1 1 of 1 studies 48

Fibrinogen (see table 2.4)22,23,27 3 3 of 3 studies 381

Plasmingon activator inhibitor 1(PAI-1; see table 
2.4)13,27,28,35

4 4 of 4 studies 304

Plasmin-antiplasmin-complex36 1 1 of 1 studies 70

Platelets27 1 0 of 1 studies 44

Prothrombin time27 1 0 of 1 studies 44

Prothrombin fragment 1 + 227 1 1 of 1 studies 44

Serpine-132 1 0 of 1 studies 163

Tissue plasminogen activator (tPA; see table 
2.4)13,27,28,35

4 4 of 4 studies 304

tPA serpine-132 1 0 of 1 studies 163

urokinase-like PA13 1 0 of 1 studies 70

Connective tissue

Aminoterminal propeptide of type III procollagen 
(see table 2.4)9,10,12

3 1 of 3 studies 190

Carboxyterminal propeptide of type 1 
procollagen41

1 0 of 1 studies 86

Elastase25 1 1 of 1 studies 79

Matrix metalloproteinase 1 (MMP-1)34 1 1 of 1 studies 68

MMP-232,34 2 0 of 2 studies 231

MMP-334 1 0 of 1 studies 68

MMP-9 (see table 2.4)10,18,32,34 4 3 of 4 studies 285

S-elastin peptides (see table 2.4)8,10,36–38 5 5 of 5 studies 365

Transforming Growth Factor Beta-113 1 0 of 1 studies 70
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Table 2.1 Continued

Marker Total studies 
(n)

Significant 
outcome

Total 
patients (n)

Tissue Inhibtor Metalloproteinase-1 (TIMP-1; see 
table 2.4)18,32,34

3 0 of 3 studies 249

α-1 antitrypsine10,18,39,40 (see table 2.4) 4 2 of 4 studies 127

α-1 antitrypsine, Factor XII, D-dimer and IgG40 1 0 of 1 studies 48

Lipids

Albumin23 1 1 of 1 studies 51

Apolipoprotein A142 1 1 of 1 studies 180

Apolipoprotein B42 1 1 of 1 studies 180

Cholesterol42,59 2 0 of 2 studies 295

Glycosylphosphatidylinositol phospholipase D43 1 1 of 1 studies 133

High density lipoprotein21,59 2 0 of 2 studies 295

Low density lipoprotein59 1 0 of 1 studies 117

Lipoprotein A42 1 0 of 1 studies 180

Triglyceride42,59 2 2 of 2 studies 297

Immune respons system

Chlamydophila pneumoniae (see table 2.4)11–16 6 4 of 6 studies 465

CRP (see table 2.4)17–23 7 4 of 7 studies 1421

Cytomegalovirus44 1 0 of 1 studies 119

Helicobacter pylori45 1 0 of 1 studies 119

Herpes simplex 116 1 0 of 1 studies 119

Interleukin-1ß30 1 0 of 1 studies 90

Interleukin-230 1 0 of 1 studies 90

Interleukin-6 (see table 2.4)21,30,31 3 0 of 3 studies 734

Interleukin-830 1 1 of 1 studies 90

Interferon gamma95 1 1 of 1 studies 50

Leukocytes22 1 1 of 1 studies 225

Macrophage inhibiting factor13,47 2 1 of 2 studies 168

Neutrophil gelastinase-associated lipocalin48 1 1 of 1 studies 40

Osteopontin84 1 1 of 1 studies 198

Osteoprotegerin49 1 1 of 1 studies 146

Peroxiredoxin50 1 1 of 1 studies 80

Tumor necrosis factor-α21,30 2 1 of 2 studies 268

Tumor Necrosis Factor-Like Weak Inducer of 
Apoptosis51

1 1 of 1 studies 43

Binnenwerk_mennodef.indd   36 09-12-19   17:05



37

Systematic review: AAA growth and rupture markers 

Table 2.1 Continued

Marker Total studies 
(n)

Significant 
outcome

Total 
patients (n)

Smoking

Cotinine (see table 2.4)13,24,25 3 2 of 3 studies 596

Smoking25 1 1 of 1 studies 79

Kidney function

Creatinine21,52 2 2 of 2 studies 274

Cystatine C52,53 2 2 of 2 studies 238

Hormones

Endothelin-1,254 1 0 of 1 studies 65

Endothelin-121 1 0 of 1 studies 178

Insulin-like growth factor 155 1 1 of 1 studies 115

Insulin-like growth factor 255 1 0 of 1 studies 115

Others

Forced expiratory volume in one second25 1 0 of 1 studies 79

Homocysteine (see table 2.4)13,21,29 3 1 of 3 studies 356

Aminoterminal propeptide of type III procollagen (PIIINP)
A significant correlation with expansion was found in 1 study (r=0.24) in which 99 follow-
up patients were included.8 The quality appraisal attributed this study with medium 
bias risk. In 2 studies (1 medium and 1 high bias risk) no correlation was found in 91 
follow-up patients in total.9,10 However, Satta e.a. did reach significance after 2 years 
of follow-up.9

Chlamydophila pneumoniae
In 4 studies chlamydophila pneumoniae was investigated as marker for expansion11–14 
and in 2 as marker for rupture.15,16 In none of the patients an inflammatory AAA 
was suspected. All studies on expansion had significant outcomes. Lindholt e.a. 
demonstrated in 2 separate studies (total patients n=194) that AAA expansion rate 
was faster in patients with a higher immunoglobulin A (IgA) titre. Falkensammer e.a. 
found the same results for seropositive versus seronegative patients. In a third separate 
publication, Lindholt e.a. demonstrated a significant correlation (r=0.29) with expansion 
in 70 follow-up patients. Nyberg e.a. found no difference in seropositivity between 
ruptured AAA patients and controls.15 A second study of Nyberg e.a. on the same 
cohort demonstrated that AAA patients had no increased risk of rupture as compared 
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to controls when these patients were also seropositive for Helicobacter Pylori, Herpes 
Simplex or Cytomegalovirus.16 Overall, the quality of studies was intermediate: 4 had 
medium risk, 1 had low risk and 1 had high risk of bias.

Complement Reactive Protein (CRP)
CRP was examined as marker for expansion in 5 studies17–21 and in 2 as marker for 
rupture.22,23 De Haro e.a. and Wiernicki e.a. were the only groups to demonstrate 
significant correlations with expansion. De Haro e.a. included 260 patients, had a low 
risk of bias and measured a strong correlation (r=0.71, p<0.05). According to Norman 
and Flondell-Sité e.a., who included 723 patients in total and were both qualified as low 
risk of bias, CRP levels did not differ between follow-up patients with high versus low 
expansion rate. Speelman e.a. also found no correlation, but included only 18 follow-up 
patients and had a medium risk of bias. Domanovits e.a. measured higher CRP levels in 
patients presenting with a ruptured AAA than in patients prior to elective repair (low 
risk of bias and total n=225). Tambyraja e.a., also with a low bias risk, measured 4 times 
higher CRP levels in symptomatic patients than in asymptomatic patients (total n=112).

Cotinine
Cotinine was examined in 3 studies as marker for AAA expansion. Wilmink e.a.24, which 
study was appraised with a medium bias risk, followed 447 AAA patients and found 
no difference in cotinine levels between follow-up patients with an expanding AAA 
(growth > 2 mm per year) versus a stable AAA. Lindholt e.a. demonstrated significant 
correlations (r=0.23 and r=0.24) in 2 separate studies13,25 (low and medium bias risks), 
after including 149 follow-up patients in total from the same screening program.

D-dimer
The association between D-dimer and expansion was demonstrated by Golledge e.a. 
(r=0.39; n=299).26 In 2 studies an increased D-dimer level was found in patients suffering 
from AAA rupture (total n=139).27,28 All studies had a low risk of bias.

Fibrinogen
Levels of fibrinogen were measured in ruptured AAA patients versus symptomatic and 
asymptomatic patients. All studies had a low risk of bias. In 2 studies fibrinogen was 
lower in ruptured than in non-ruptured patients (total n=269)22,27, while Tambyraja e.a. 
measured higher levels in 12 symptomatic than in 39 asymptomatic AAA patients.23

Binnenwerk_mennodef.indd   38 09-12-19   17:05
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Homocysteine
Homocysteine and AAA expansion were investigated in 3 studies, all with a low risk of 
bias. Halazun e.a.29 were the only group to describe a significant correlation (r=0.28; 
n=108). The other 2 studies observed no association between homocysteine and AAA 
expansion (total n=248).13,21

Interleukin-6 (IL-6)
IL-6 and AAA expansion were examined in 3 studies, but none observed a significant 
association.21,30,31 Jones e.a. found no correlation in 466 follow-up patients (low bias risk). 
Flondell-Sité e.a. (low bias risk) observed no difference in IL-6 between 178 high versus 
low expansion rate AAA patients. Treska e.a. (high bias risk) included 90 patients and 
demonstrated no difference between patients that required surgery during follow-up 
versus asymptomatic patients.

Matrix metalloproteinase 9 (MMP-9)
In 3 studies, circulating MMP-9 was tested as marker for expansion. Flondell-Sité e.a., 
the largest study with the lowest risk of bias, found no correlation with AAA expansion in 
163 follow-up patients.32 In 2 smaller studies (medium bias risk), with 54 patients in total, 
significant correlations were described (r=0.32 and r=0.33).10,33 Wilson e.a. (medium 
bias risk) demonstrated higher MMP-9 levels in patients with a ruptured AAA than in 
patients prior to elective repair.34

Plasminogen activator inhibitor 1 (PAI-1)
Lindholt e.a. observed a significant but weak correlation between PAI-1 and AAA 
expansion (r=0.02; n=70; low bias risk).13 In 3 studies (total n=234; 1 medium risk of 
bias, 2 low risk), approximately 4 fold higher levels of PAI-1 were found in patients with 
a ruptured AAA than in non-ruptured AAA patients.27,28,35

S-elastin peptides (SEP)
In 3 studies SEP was investigated as marker for expansion8,10,36 and 2 as marker for 
rupture.37,38 Lindholt e.a. performed 3 different studies, including 205 follow-up patients 
in total, all demonstrating significant correlations with expansion (r=0.51 [medium 
bias risk], r=0.33 [medium bias risk] and r=0.31 [low bias risk]). In 100 AAA patients 
with a rupture during follow-up, SEP had a significantly predictive value (area under 
curve=0.68; medium bias risk).37 Petersen e.a., appraised with a low risk of bias, found 
a significant difference between 15 patients with a ruptured AAA versus 45 patients 
prior to elective repair.38 Note that 1 research group, using patients from the same AAA 
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screening cohort, performed 4 of 5 studies. The degree of patient overlap between 
studies, if any, is not clear.

Tissue inhibitor metalloproteinase 1 (TIMP-1)
Speelman e.a.18 (n=18) and Flondell-Sité e.a.32 (n=163) investigated TIMP-1 as marker 
for expansion. Their studies had, respectively, low and medium bias risk. Wilson e.a.34 
(medium bias risk) examined TIMP-1 as marker for rupture in 68 patients. None found 
significant outcomes.

Tissue plasminogen activator (tPA)
Lindholt e.a. demonstrated a significant correlation between circulating tPA and 
AAA expansion (r=0.37; n=70; low bias risk).13 Remarkably, Adam e.a. and Hobbs e.a. 
measured lower levels of tPA in patients with a ruptured AAA versus non-ruptured (total 
n=139; low and medium risk of bias, respectively)27,35, while Skagius e.a. observed 1.7 
fold higher levels in 50 ruptured AAA patients than in 45 electively treated AAA (low 
bias risk).28

α-1 antitrypsine
Significant correlations with expansion were found in 2 studies (1 low and 1 medium 
bias risk; r=0.55 and r=0.42) with 61 follow-up patients in total10,39, while 2 studies (1 low 
and 1 medium bias risk) could not reproduce such significant correlations in 66 follow-
up patients.18,40 Pulinx e.a., however, did reach significance when initial AAA diameter 
was included in their multivariate model.40

Other included biomarkers that have not been mentioned above are markers in the 
field of connective tissue41, lipids42,43, the immune system44–51, kidney function52,53 and 
hormones54,55 (see table 2.1).

3.3 Biomechanical markers
A total of 33 studies investigated 28 biomechanical AAA properties as marker for 
expansion or rupture (table 2.2). Markers were categorized as anatomic properties (13 
markers), radiographic properties (3 markers) or as vessel wall properties (9 markers). 
The fourth category contains 3 software calculated predictive indices. The following 
focuses on markers described in 3 or more publications.

AAA diameter
In 9 studies AAA diameter was described as maker for expansion8,17,19,21,40,56–59 and in 9 
as marker for rupture.34,37,60–66 Overall, the data is reliable as 2570 patients in total were 
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included and 8 studies were appraised with low bias risk, 7 with medium risk and only 3 
with high risk. In 7 studies significant correlations with expansion were demonstrated in 
958 patients in total (r=0.30–0.83)8,21,40,56–58, and Norman e.a. measured faster growth in 
patients with a large (≥ 4 cm; n=112) versus small AAA (3 – 4 cm; n=433).19 In 6 studies, 
with a total of 552 patients, significant outcomes were demonstrated for AAA diameter 
as marker for rupture. In 5 studies larger diameters were measured in ruptured (and 
symptomatic) AAA when compared to asymptomatic patients34,60,61,64,65, and 1 study 
demonstrated aneurysm diameter as prognostic marker for rupture (area under 
curve=0.67).37 In 3 studies, of which 2 with high bias risk, no difference was found in 
diameter between ruptured AAA patients versus patients prior to elective repair (total 
n=80).62,63,66

Fluorodeoxyglucose (18F-FDG) uptake
Maximum 18F-FDG uptake after PET-scanning was studied as marker for expansion in 3 
studies67–69 and in 1 study as marker for rupture.70 All 3 studies demonstrated significant 
inverse correlations with aneurysm expansion (r=-0.50 (medium bias risk), r=-0.38 (low 
bias risk) and r=-0.32 (medium bias risk); total n=104). Reeps e.a. however, found higher 
uptake in symptomatic versus asymptomatic AAA patients (n=15; medium bias risk).

Intraluminal thrombus (ILT) volume
In 3 studies, ILT volume was focused on. In 2 studies as marker for expansion33,71 and in 
1 as marker for rupture60, all studies had medium risk of bias. Speelman e.a. measured 
significantly higher expansion rates in patients with a large ILT volume (≥ 32% of the total 
aneurysm sac) versus a small ILT volume (total n=30). Kontopodis e.a. found a significant 
correlation (r=0.60) with expansion in 34 follow-up patients. Erhart e.a. measured larger 
ILT volumes in ruptured AAA than in follow-up patients (total n=75).

Peak wall stress (PWS)
The aortic PWS was investigated as marker for AAA rupture in 9 studies.60,62–64,66,72–75 
In 7 studies, significant higher PWS (ranging 1.29–1.66 fold higher) were found in 
ruptured (and symptomatic) AAA patients than in asymptomatic AAA patients (2 low 
risk, 4 medium risk and 1 high risk of bias; total n=536). According to Truijers e.a., PWS 
was higher in 10 ruptured AAA than in 10 diameter matched asymptomatic patients. 
In 2 studies no difference was found between ruptured and electively treated AAA. 
However, the latter 2 included only 43 patients in total and both had high risk of bias.

Other biomechanical markers that have not been mentioned above but are included 
concern anatomic properties (see table 2.2).76–79
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Table 2.2 Biomechanical markers that have been investigated for an association with AAA expansion or 
rupture. Markers are categorized by different properties which can be measured after radiographic scanning. 
The total amount of studies and significant outcomes are presented as well as the total number of patients 
in studies pooled.

Marker Total studies (n) Significant 
outcome

Total 
patients (n)

Anatomic properties

AAA diameter8,17,19,21,34,37,40,56–66 18 15 of 18 studies 2570

AAA expansion76,77 2 1 of 2 studies 1125

AAA surface area76 1 0 of 1 studies 52

AAA volume71 1 1 of 1 studies 34

Aortic diameter asymmetry78 1 1 of 1 studies 200

Aortic tortuosity78 1 1 of 1 studies 200

Intra luminal thrombus (ILT) area57,76 2 2 of 2 studies 469

ILT circumference78 1 0 of 1 studies 200

ILT location79 1 1 of 1 studies 34

ILT thickness71,78 2 1 of 2 studies 234

ILT volume33,60,71 3 3 of 3 studies 139

Lumbar 3 vertebral body diameter78 1 1 of 1 studies 200

Peak wall stress equivalent diameter75 1 0 of 1 studies 243

Predictive indices

Peak wall rupture index (PWRI)60,75 2 2 of 2 studies 303

PWRI equivalent diameter60,75 2 1 of 2 studies 303

Rupture potential index61,62 2 1 of 2 studies 66

Radiographic properties

LaPlace66 * 1 0 of 1 studies 48

Medium filter texture parameter kurtosis67 1 1 of 1 studies 40
18F-FDG uptake67–70 ** 4 4 of 4 studies 119

Vessel wall properties

Stiffnes (ß)56,65 2 0 of 2 studies 108

Minimal strenght61 1 0 of 1 studies 53

Mean wall stress (MWS)18,74 2 1 of 2 studies 99

Peak wall stress (PWS) 60,62–64,66,72–75 9 7 of 9 studies 579

Pressure strain elastic modules (Ep)56,65 2 0 of 2 studies 108

Von Mises strain61 *** 1 1 of 1 studies 53

Von Mises stress61 *** 1 1 of 1 studies 53

Wall displacement61 1 1 of 1 studies 53

Wall strength62 1 1 of 1 studies 13

* LaPlace = law of LaPlace (pressure = surface tension / radius); ** 18F-FDG uptake as measured by positron 
emission tomography; *** Von Mises strain and stress are calculations of tensile stress according to 
Maximum Distortion Energy Theory of Failure.
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3.4 Genetic variations
In 9 studies 20 genetic markers were elaborated on (table 2.3). None of the following 
markers were described in more than 1 study. These genetic markers are therefore 
not evaluated as extensively as circulating and biomechanical markers in this review.

CCR5 gene was the only gene examined as marker for rupture. Ghilardi e.a. demonstrated 
a higher percentage of CCR5 gene Δ32 deletion mutation in ruptured AAA patients 
(n=21) than in electively treated AAA patients (n=49; 48 versus 18%, respectively).80

The following markers were all investigated in AAA follow-up patients and were 
associated with the aneurysm growth rate. Gerdes e.a. identified that APOE mutations 
are associated with higher growth rates in 57 patients.81 Wiernicki e.a. measured higher 
growth rates in 41 patients with a Haptoglobin 2-1 phenotype than in 13 patients with 
a Haptoglobin 1-1 phenotype.20 Duellman e.a. included 141 patients and demonstrated 
that mutations in the following genes are associated with a growth speed of 3.25 
mm per year or more: LRP1 (OR 5.0), MMP9 p-2502 (OR 2.2) and MTHFR (OR 3.0)82. No 
such differences were measured with the following genes: IL-6 (n=466)31, Cystatin C 
(n=412)83, OPN (n=198)84 and 9p21 (n=741)85. Of 20 investigated genetic markers, 10 were 
investigated by Wanhainen e.a.86 in 169 follow-up patients (all concerning microRNA 
as marker for expansion), of which 8 markers demonstrated significant differences 
between slow and fast growing AAA.

Table 2.3 Genetic variations that have been investigated for an association with AAA expansion or rupture. 
The total amount of studies and significant outcomes are presented as well as the total number of patients 
in studies pooled.

Marker Total studies (n) Significant outcome Total patients (n)

APOE gene81 1 1 of 1 studies 57

IL-6 gene31 1 0 of 1 studies 466

Cystatin C gene83 1 0 of 2 studies 412

CCR5 gene80 1 1 of 1 studies 70

OPN gene84 1 0 of 1 studies 198

Chromosome 9p2185 1 0 of 1 studies 741

Haptoglobin 2-120 1 1 of 1 studies 83

LRP1 gene82 1 1 of 1 studies 141

MMP-9 p-2502 gene82 1 1 of 1 studies 141

MTHFR gene82 1 1 of 1 studies 141

miR-125a-5p86 1 1 of 1 studies 169

miR-136-5p86 1 0 of 1 studies 169

miR-195-5p86 1 1 of 1 studies 169
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Table 2.3 Continued

Marker Total studies (n) Significant outcome Total patients (n)

miR-221-3p86 1 1 of 1 studies 169

miR-223-3p86 1 1 of 1 studies 169

miR-30a-5p86 1 0 of 1 studies 169

miR-32686 1 1 of 1 studies 169

miR-335-p86 1 1 of 1 studies 169

miR-42186 1 1 of 1 studies 169

miR-99a-5p86 1 1 of 1 studies 169

4. DISCUSSION

Numerous markers have been investigated as predictive factor for AAA expansion and 
rupture. All markers described in 3 or more studies were described in more detail and 
summarized in table 2.4. Thus, we focused on 14 markers of which 5 were investigated 
as marker for expansion, 1 as marker for rupture and 8 as marker for both. Markers 
were qualified as high potential based on sample size, quality appraisal of the study and 
significant outcomes. The highest potential as a prognostic marker for AAA expansion 
are in descending order: AAA diameter, chlamydophila pneumoniae; S-elastin peptides; 
and 18F-FDG uptake. Factors with high potential as marker for aneurysm rupture are 
in descending order: PWS, AAA diameter and plasminogen activator inhibitor 1 (PAI-1). 
The following 2 markers were described in only 2 studies but had remarkable results 
and are therefore separately mentioned: intraluminal thrombus (ILT) as marker for 
expansion and S-elastin peptides as marker for rupture. Little research has been done 
on genetic markers for rupture and growth, as this is a relatively new area of research. 
We therefore evaluated none of the genetic markers in detail.

AAA diameter is broadly accepted as predictive factor for both aneurysm growth 
and rupture, and is thus implemented in important AAA follow-up guidelines.2,3 Our 
systematic review confirmed the strong prognostic value for expansion as 8 of 9 studies 
had significant outcomes, with mainly low bias risks and low p-values in a total of 1503 
patients. However, correlation coefficients do have a relatively broad range with values 
varying from r=0.30 to r=0.83. Overall, these studies demonstrate that large aneurysms 
grow faster than small AAA do.

Chlamydophila pneumoniae was already identified as causative factor for inflammation 
and atherosclerosis of the aorta.87 The bacterial infection induces degenerative 
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processes in the aortic wall, which might explain the strong correlation of antibodies 
against chlamydophila pneumoniae with AAA expansion. All 4 studies, with mainly 
medium bias risks, had significant outcomes and consistent results, of which 3 had 
very low p-values. Therefore it seems to be a reliable marker for AAA expansion in 
case of seropositivity.

S-elastin peptides are derived from the enzymatic degradation of insoluble elastic 
polymers in the vessel wall by MMP.88 In all studies this marker was significantly 
correlated with AAA expansion and bias risks were medium. However, 1 group 
performed 4 of 5 studies using patients from the same AAA screening cohort. Therefore 
other groups should first reproduce these data before S-elastin peptides can be applied 
as marker for expansion.

Metabolic activity in the aneurysm wall can be measured by positron emission 
tomography. Locations of high 18F-FDG uptake in the aneurysm wall were demonstrated 
to accumulate MMP and other factors of aortic deterioration.89 It therefore seems 
contradictive that an inverse correlation was found between 18F-FDG uptake and 
expansion in all 3 studies. The current explanation is that an inflammatory period 
precedes a phase of rapid growth and is then followed by a period of stasis with 
low metabolic activity.67–70 However, this phenomenon is clearly not fully explained 
yet. Overall, 18F-FDG uptake studies were appraised with medium bias risks and had 
consistent results with relatively low p-values. Therefore it seems a reliable marker for 
AAA expansion.

An ILT is the source of many pro-proteolytic processes that stimulate aortic wall 
degradation.90 We designated this marker as promising due to a clear association of 
ILT volume with expansion, even though relatively small patient numbers were included 
in only 2 studies. However, Kontopodis, Nguyen and Behr-Rahsmussen e.a. also 
demonstrated the ILT to be correlated with AAA expansion in 694 follow-up patients 
in total (i.e. ILT thickness, signal intensity and surface area, respectively). 57,71,91 In total, 5 
studies have elaborated on the ILT size as marker for expansion in 758 patients, with on 
average a medium bias risk. These data plead for the ILT size as promising prognostic 
growth marker. However, there have been several studies demonstrating a correlation 
between ILT presence and AAA diameter.58,71 The presented associations between 
ILT and AAA expansion might be the result of multi-co-linearity due to the strong 
correlation between AAA diameter and its growth speed. Therefore, before clinical 
implementation more homogenous studies must be produced. In those studies AAA 
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diameter should be corrected for as confounding factor before ILT can be considered 
a reliable growth marker.

A potential marker for rupture is PWS. To determine the stress on the aneurysm 
wall, a technique called finite element analysis is used. This is a numerical method 
to approximate the forces that are applied on the aortic wall. As aneurysms are not 
symmetrical dilations, the pressure in the aneurysm sac is heterogeneously divided. 
Finite element analysis enables software programs to calculate the peak wall stress 
(PWS) on the aneurysm wall.63 In 7 of 9 studies PWS retrospectively differentiated 
between ruptured and non-ruptured AAA, but none investigated it as a prognostic 
value. In 2 studies no significant differences were found, but both had high bias risks 
and a total patient number of only 43. As significant differences were found in 536 
patients, we suggest that PWS has high potential to contribute in AAA management.

AAA diameter has since long also been acknowledged as risk factor for aneurysm 
rupture and is used as indicator for elective repair surgery.2,3 Our results are in line 
with this common use, although 3 of 9 studies found no differences between ruptured 
AAA versus patients prior to elective repair. It must be noted that in those 3 studies 
aneurysm diameters of the elective repair groups were all larger than current guidelines 
apply (6.8±1.5, 6.1±0.5 and 6.1±0.2 cm).

Another marker for rupture with promising results is PAI-1, a known marker for coronary 
heart disease that plays an essential role in fibrinolysis.92 Its levels were approximately 
4 times higher in 102 patients with a ruptured AAA than in asymptomatic patients. 
However, as the massive retroperitoneal hematoma and blood clotting could be the 
cause of PAI-1 activation, its use a prospective marker for rupture must be reconsidered. 
The activation of this pathway should first be fully elucidated before it is investigated 
as a marker for AAA rupture in a prospective trial.

S-elastin peptides have been investigated as marker for rupture by 2 separate 
groups. Promising results were demonstrated as both groups found highly significant 
associations. However, only 2 groups have reported on this marker yet in a total of 
160 patients. Before it is implemented in a clinical setting, it should be studied more 
extensively.

Genetic variations and microRNA are relatively new markers for AAA expansion 
and rupture. Therefore little is known about its potential as prognostic tools, when 
compared to circulating and biomechanical markers. Gene mutations in the FBN193 
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and COL3A194 genes, responsible for Marfans disease and Ehlers Danlos vascular type 
disease, respectively, are perhaps the best known genetic disorders leading to aortic 
aneurysms. However, despite the broad amount of studies describing these 2 important 
genetic mutations, no studies about FBN1 or COL3A1 met our inclusion criteria. This 
might be explained by the fact that these disorders commonly cause thoracic and 
thoracoabdominal aortic aneurysms and also that growth rate and rupture are often 
totally unpredictable in these cases.

One major limitation of this review is the inability to pool data due to high clinical and 
methodological heterogeneity. Also, we considered biomarkers in the evidence which 
demonstrated a statistically significant association with an outcome (AAA rupture or 
growth); however, we recognize that this may have severe limitations as this choice 
is subject to type II errors, particularly in the case of studies with small sample sizes. 
Furthermore, the potential markers provided such heterogenic threshold values that 
direct clinical implementation is not possible based on the current data. More specific, 
prospective and methodological consonant research is necessary for the promising 
markers that we have identified, in which threshold values for follow-up and surgical 
intervention must be determined.

This review has identified several circulating and biomechanical markers with potential 
value for the prognosis of AAA expansion and rupture. As possible markers for 
expansion we suggest the use of AAA diameter, chlamydophila pneumonia in case 
of seropositivity, S-elastin peptides, inverse fluorodeoxyglucose uptake and ILT size. 
Markers with the best prognostic value for rupture are PWS and AAA diameter. 
Prospective trials are now required to determine threshold values for the clinical 
implementation of these markers. In conclusion, there are several potential markers 
for AAA expansion and rupture, which could contribute to better decision making in 
the management of AAA.
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Table 2.4 All markers for AAA expansion or rupture that have been described in 3 or more studies have 
been evaluated in more detail. Presented are: the subject of the marker (on which aspect the marker was 
investigated: AAA expansion or rupture); first author and date of publication of the reference; the risk of bias; 
statistical method of measurement; the moment of data retrieval (during conservative follow-up of maximum 
aortic diameter, at time of presentation with symptomatic AAA or AAA rupture) and if applicable main clinical 
characteristic of the study and control groups (varying per study); the total sample size (cases and controls 
pooled); the correlation coefficient (negative correlation: -1 to 0; and positive correlation: 0 to 1) or the fold 
change (decrease: 0 to 1; and increase: above 1) of study group versus control group; and p-values. Note that 
significant (p < 0.05) outcomes are presented in bold font.

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Cicrculating markers

Aminoterminal propeptide of type III procollagen 
(PIIINP)

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,24 – significant

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 no correlation – 0,180

Expansion Satta e.a. (1997)9 High Pearson Follow-up – 55 0,15 – 0,260

Chlamydophila pneumonia

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,29 – 0,006

Expansion Lindholt e.a. (1999)11 Medium Fold change Follow-up: IgA titre ≥ 20 Follow-up: IgA titre < 20 139 – 1,48 0,003

Expansion Lindholt e.a. (2001)12 Medium Fold change Follow-up: IgA titre ≥ 64 Follow-up: IgA titre <64 55 – 1,69 <0,050

Expansion Falkensammer e.a. (2007)14 High Fold change Follow-up: seropositive Follow-up: seronegative 47 – 1,67 0,046

Rupture Nyberg e.a. (2007)15 Medium Fold change Rupture Controls 77 – 1,01 0,397

Rupture Nyberg e.a. (2008)16 Medium Fold change Rupture Controls 77 – NA ns

CRP

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 260 0,71 – <0,050

Expansion Norman e.a. (2004)19 Low Fold change Follow-up: expansion ≥ 3 mm/year Follow-up: expansion < 3 mm/year 545 – NA ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change Follow-up: expansion ≥ 2.5 mm/year Follow-up: expansion < 2.5 mm/year 178 – 1,07 0,721

Expansion Wiernicki e.a. (2010)20 Medium Spearman Follow-up 83 – 0,32 0,003

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,06 – 0,720

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Elective 225 – 4,80 <0,050

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 4,40 <0,001

Cotinine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,23 – 0,038

Expansion Lindholt e.a. (2003)25 Medium Spearman Follow-up – 79 0,24 – 0,040

Expansion Wilmink e.a. (1999)24 Medium Fold change Follow-up: expansion ≥ 2 mm/year Follow-up: expansion < 2 mm/year 447 – 1,00 ns

D-dimer

Expansion Golledge e.a. (2011)26 Low Spearman Follow-up – 299 0,39 – <0,001

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 2,52 0,005
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Table 2.4 All markers for AAA expansion or rupture that have been described in 3 or more studies have 
been evaluated in more detail. Presented are: the subject of the marker (on which aspect the marker was 
investigated: AAA expansion or rupture); first author and date of publication of the reference; the risk of bias; 
statistical method of measurement; the moment of data retrieval (during conservative follow-up of maximum 
aortic diameter, at time of presentation with symptomatic AAA or AAA rupture) and if applicable main clinical 
characteristic of the study and control groups (varying per study); the total sample size (cases and controls 
pooled); the correlation coefficient (negative correlation: -1 to 0; and positive correlation: 0 to 1) or the fold 
change (decrease: 0 to 1; and increase: above 1) of study group versus control group; and p-values. Note that 
significant (p < 0.05) outcomes are presented in bold font.

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Cicrculating markers

Aminoterminal propeptide of type III procollagen 
(PIIINP)

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,24 – significant

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 no correlation – 0,180

Expansion Satta e.a. (1997)9 High Pearson Follow-up – 55 0,15 – 0,260

Chlamydophila pneumonia

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,29 – 0,006

Expansion Lindholt e.a. (1999)11 Medium Fold change Follow-up: IgA titre ≥ 20 Follow-up: IgA titre < 20 139 – 1,48 0,003

Expansion Lindholt e.a. (2001)12 Medium Fold change Follow-up: IgA titre ≥ 64 Follow-up: IgA titre <64 55 – 1,69 <0,050

Expansion Falkensammer e.a. (2007)14 High Fold change Follow-up: seropositive Follow-up: seronegative 47 – 1,67 0,046

Rupture Nyberg e.a. (2007)15 Medium Fold change Rupture Controls 77 – 1,01 0,397

Rupture Nyberg e.a. (2008)16 Medium Fold change Rupture Controls 77 – NA ns

CRP

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 260 0,71 – <0,050

Expansion Norman e.a. (2004)19 Low Fold change Follow-up: expansion ≥ 3 mm/year Follow-up: expansion < 3 mm/year 545 – NA ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change Follow-up: expansion ≥ 2.5 mm/year Follow-up: expansion < 2.5 mm/year 178 – 1,07 0,721

Expansion Wiernicki e.a. (2010)20 Medium Spearman Follow-up 83 – 0,32 0,003

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,06 – 0,720

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Elective 225 – 4,80 <0,050

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 4,40 <0,001

Cotinine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,23 – 0,038

Expansion Lindholt e.a. (2003)25 Medium Spearman Follow-up – 79 0,24 – 0,040

Expansion Wilmink e.a. (1999)24 Medium Fold change Follow-up: expansion ≥ 2 mm/year Follow-up: expansion < 2 mm/year 447 – 1,00 ns

D-dimer

Expansion Golledge e.a. (2011)26 Low Spearman Follow-up – 299 0,39 – <0,001

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 2,52 0,005
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,53 <0,001

Fibrinogen

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,53 0,033

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Asymptomatic 225 – 0,94 0,049

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 1,28 <0,001

Homocysteine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,06 – 0,535

Expansion Halazun e.a. (2007)29 Low Spearman Follow-up – 108 0,28 – 0,003

Expansion Flondell-Sité e.a. (2009)21 Low Fold change Follow-up: expansion ≥ 2.5 mm/year Follow-up: expansion < 2.5mm/year 178 – 1,00 0,940

IL-6

Expansion Jones e.a. (2001)31 Low Spearman Follow-up – 466 no correlation – ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change Follow-up: expansion ≥ 2.5mm/year Follow-up: expansion < 2.5mm/year 178 – 2,29 0,820

Expansion Treska e.a. (2000)30 High Fold change Surgery during follow-up Asymptomatic 90 – 2,19 ns

MMP-9

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,33 – 0,010

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,32 – <0,050

Rupture Wilson e.a. (2008)34 Medium Fold change Rupture Elective 68 – 3,37 0,006

Plasminogen activator inhibitor 1

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,02 – 0,015

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 4,92 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,33 0,002

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 3,73 0,001

S-elastin peptides

Expansion Lindholt e.a. (2001)36 Low Pearson Follow-up – 70 0,31 – 0,050

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,33 – Significant

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,51 – 0,010

Rupture Petersen e.a. (2001)38 Low Fold change Rupture Elective 60 – 0,80 0,001

Rupture Lindholt e.a. (2001)37 Medium AUC met 95% CI Rupture – 100 0,68 – significant
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,53 <0,001

Fibrinogen

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,53 0,033

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Asymptomatic 225 – 0,94 0,049

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 1,28 <0,001

Homocysteine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,06 – 0,535

Expansion Halazun e.a. (2007)29 Low Spearman Follow-up – 108 0,28 – 0,003

Expansion Flondell-Sité e.a. (2009)21 Low Fold change Follow-up: expansion ≥ 2.5 mm/year Follow-up: expansion < 2.5mm/year 178 – 1,00 0,940

IL-6

Expansion Jones e.a. (2001)31 Low Spearman Follow-up – 466 no correlation – ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change Follow-up: expansion ≥ 2.5mm/year Follow-up: expansion < 2.5mm/year 178 – 2,29 0,820

Expansion Treska e.a. (2000)30 High Fold change Surgery during follow-up Asymptomatic 90 – 2,19 ns

MMP-9

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,33 – 0,010

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,32 – <0,050

Rupture Wilson e.a. (2008)34 Medium Fold change Rupture Elective 68 – 3,37 0,006

Plasminogen activator inhibitor 1

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,02 – 0,015

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 4,92 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,33 0,002

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 3,73 0,001

S-elastin peptides

Expansion Lindholt e.a. (2001)36 Low Pearson Follow-up – 70 0,31 – 0,050

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,33 – Significant

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,51 – 0,010

Rupture Petersen e.a. (2001)38 Low Fold change Rupture Elective 60 – 0,80 0,001

Rupture Lindholt e.a. (2001)37 Medium AUC met 95% CI Rupture – 100 0,68 – significant
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

TIMP-1

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,12 – 0,510

Rupture Wilson e.a. (2008)34 Medium Fold change Rupture Elective 68 – 0,50 0,456

Tissue plasminogen activator 
(tPA)

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,37 – 0,002

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,16 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 1,71 <0,001

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 0,22 0,036

α-1 antitrypsine

Expansion Vega de Céniga e.a. 
(2009)39

Low Spearman Follow-up – 25 0,55 – 0,004

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,42 – 0,050

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,00 – 0,990

Biomechanical markers

AAA diameter

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 435 0,31 – >0,050

Expansion Norman e.a. (2004)19 Low OR Follow-up ≥ 4 cm Follow-up < 4 cm 545 – 7,20 0,050

Expansion Tong e.a. (2015)58 Low Pearson Elective and Rupture – 33 0,70 – 0,010

Expansion Flondell-Sité e.a. (2010)21 Low Pearson Follow-up – 178 0,39 – 0,001

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 0,83 – 0,001

Expansion Behr-Rasmussen e.a. 
(2014)57

Low Pearson Follow-up – 416 0,30 – 0,001

Expansion Lindholt e.a. (2001)8 Medium Spearman Follow-up – 124 0,30 – 0,010

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,48 – 0,000

Expansion Wilson e.a. (1999)56 High Spearman Follow-up – 60 0,60 – <0,050

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,03 0,000

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,13 0,100

Rupture Lindholt e.a. (2001)37 Medium ROC curve Rupture – 100 0,67 – 0,011

Rupture Wilson e.a. (2003)65 Medium Fold change Rupture Follow-up 210 – 1,12 0,001

Rupture Maier e.a. (2010)61 Medium Fold change Rupture and Symptomatic Elective 53 – 1,33 0,006

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 60 – 1,42 <0,001

Rupture Wilson e.a. (2008)34 Medium Fold change Rupture Elective 68 – 1,67 <0,001
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

TIMP-1

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,12 – 0,510

Rupture Wilson e.a. (2008)34 Medium Fold change Rupture Elective 68 – 0,50 0,456

Tissue plasminogen activator 
(tPA)

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,37 – 0,002

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,16 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 1,71 <0,001

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 0,22 0,036

α-1 antitrypsine

Expansion Vega de Céniga e.a. 
(2009)39

Low Spearman Follow-up – 25 0,55 – 0,004

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,42 – 0,050

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,00 – 0,990

Biomechanical markers

AAA diameter

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 435 0,31 – >0,050

Expansion Norman e.a. (2004)19 Low OR Follow-up ≥ 4 cm Follow-up < 4 cm 545 – 7,20 0,050

Expansion Tong e.a. (2015)58 Low Pearson Elective and Rupture – 33 0,70 – 0,010

Expansion Flondell-Sité e.a. (2010)21 Low Pearson Follow-up – 178 0,39 – 0,001

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 0,83 – 0,001

Expansion Behr-Rasmussen e.a. 
(2014)57

Low Pearson Follow-up – 416 0,30 – 0,001

Expansion Lindholt e.a. (2001)8 Medium Spearman Follow-up – 124 0,30 – 0,010

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,48 – 0,000

Expansion Wilson e.a. (1999)56 High Spearman Follow-up – 60 0,60 – <0,050

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,03 0,000

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,13 0,100

Rupture Lindholt e.a. (2001)37 Medium ROC curve Rupture – 100 0,67 – 0,011

Rupture Wilson e.a. (2003)65 Medium Fold change Rupture Follow-up 210 – 1,12 0,001

Rupture Maier e.a. (2010)61 Medium Fold change Rupture and Symptomatic Elective 53 – 1,33 0,006

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 60 – 1,42 <0,001

Rupture Wilson e.a. (2008)34 Medium Fold change Rupture Elective 68 – 1,67 <0,001
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,11 0,197

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,11 0,260

Fluorodeoxyglucose (18F-FDG)

Expansion Kotze e.a. (2014)67 Low Spearman Follow-up – 40 -0,38 – 0,015

Expansion Morel e.a. (2015)69 Medium Spearman Follow-up – 39 -0,32 – 0,049

Expansion Kotze e.a. (2011)68 Medium Spearman Follow-up – 25 -0,50 – 0,011

Rupture Reeps e.a. (2008)70 Medium Fold change Symptomatic Elective 15 – 2,14 <0,001

ILT volume

Expansion Speelman e.a. (2010)33 Medium Fold change Follow-up: ILT volume ≥ 32% Follow-up: ILT volume < 32% 30 – NA* <0,010

Expansion Kontopodis e.a. (2014)71 Medium Spearman Follow-up – 34 0,60 – 0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 2,00 0,015

Peak wall stress (PWS)

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,38 <0,001

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,29 0,030

Rupture Gasser e.a. (2014)75 Medium Fold change Rupture Follow-up 243 – 1,62 <0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 1,57 <0,001

Rupture Truijers e.a. (2007)72 Medium Fold change Rupture Follow-up 20 – 1,30 0,040

Rupture Heng e.a. (2008)73 Medium Fold change Rupture Elective 70 – 1,66 0,008

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,65 0,004

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,08 0,620

Rupture Vande Geest e.a. (2008)74 High Fold change Rupture Elective 30 – 1,09 0,550
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,11 0,197

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,11 0,260

Fluorodeoxyglucose (18F-FDG)

Expansion Kotze e.a. (2014)67 Low Spearman Follow-up – 40 -0,38 – 0,015

Expansion Morel e.a. (2015)69 Medium Spearman Follow-up – 39 -0,32 – 0,049

Expansion Kotze e.a. (2011)68 Medium Spearman Follow-up – 25 -0,50 – 0,011

Rupture Reeps e.a. (2008)70 Medium Fold change Symptomatic Elective 15 – 2,14 <0,001

ILT volume

Expansion Speelman e.a. (2010)33 Medium Fold change Follow-up: ILT volume ≥ 32% Follow-up: ILT volume < 32% 30 – NA* <0,010

Expansion Kontopodis e.a. (2014)71 Medium Spearman Follow-up – 34 0,60 – 0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 2,00 0,015

Peak wall stress (PWS)

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,38 <0,001

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,29 0,030

Rupture Gasser e.a. (2014)75 Medium Fold change Rupture Follow-up 243 – 1,62 <0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 1,57 <0,001

Rupture Truijers e.a. (2007)72 Medium Fold change Rupture Follow-up 20 – 1,30 0,040

Rupture Heng e.a. (2008)73 Medium Fold change Rupture Elective 70 – 1,66 0,008

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,65 0,004

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,08 0,620

Rupture Vande Geest e.a. (2008)74 High Fold change Rupture Elective 30 – 1,09 0,550
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CHAPTER 3

PEROXYNITRITE FOOTPRINT IN 
CIRCULATING NEUTROPHILS OF 
ABDOMINAL AORTIC ANEURYSM 

PATIENTS IS LOWER IN STATIN THAN IN 
NON-STATIN USERS
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ABSTRACT

Objective: Extensive reactive oxygen and nitrogen species (also reactive species) 
production is a mechanism involved in abdominal aortic aneurysm (AAA) development. 
White blood cells (WBC) are a known source of reactive species. Its production is 
possibly decreased by statins, thereby reducing AAA growth rate. We investigated 
reactive oxygen and nitrogen species production in circulating WBC of AAA patients 
and the effect of statins on its production.

Methods: Venous blood from patients prior to elective AAA repair (n=34;1 8 statin 
users) and from healthy volunteers (n=10). Reactive species production was quantified 
in circulating WBC by immunofluorescence microscopy: nitrotyrosine (footprint 
of peroxynitrite, a potent reactive nitrogen species) in snap-frozen blood smears; 
mitochondrial superoxide and cytoplasmic hydrogen peroxide (both reactive oxygen 
species) by live cell imaging. We individually examined neutrophils, lymphocytes, and 
monocytes.

Results: In AAA patients using statins, the median neutrophil nitrotyrosine level was 
646 (range: 422–2059), in lymphocytes 125 (range: 74–343) and in monocytes 586 
(range: 291–663). Median levels in AAA patients not using statins were in neutrophils 
928 (range: 552–2095, p=0.03), in lymphocytes 156 (range: 101–273; not significant 
[ns]) and in monocytes 536 (range: 535–1635; ns). Statin dose tended to correlate 
negatively with nitrotyrosine in neutrophils (Rs -0.32, p=0.06). The median levels in 
controls were lower in neutrophils 466 (range: 340–820, p<0.01) and in monocytes 191 
(range: 102–386, p=0.03), while similar in lymphocytes 99 (range: 82–246) as compared 
to AAA patients pooled. There were no differences in mitochondrial superoxide and 
cytoplasmic hydrogen peroxide between statin and non-statin users within AAA 
patients.

Conclusions: We found that peroxynitrite footprint in circulating neutrophils and 
monocytes of AAA patients are higher than in controls. AAA patients treated by statins 
had lower levels of peroxynitrite footprint in neutrophils than non-statin users.
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1. INTRODUCTION

Extensive production of reactive nitrogen and oxygen species (RNS and ROS), also 
referred to as reactive species, results in oxidative stress. Circulating white blood cells 
(WBC), mainly neutrophils, are capable of RNS and ROS production.1 In the aortic wall 
oxidative stress can cause extracellular matrix (ECM) degeneration and smooth muscle 
cell apoptosis, which are recognized as hallmarks of abdominal aortic aneurysm (AAA) 
pathogenesis.1–3

Production of ROS, of which superoxide (O2
-) and hydrogen peroxide (H2O2) are typical 

examples, and production of RNS, mainly peroxynitrite which is formed by a reaction 
of superoxide and nitric oxide, are among others facilitated by endothelial cells, 
smooth muscle cells and locally infiltrating WBC.4–7 Nitrotyrosine is a footprint left after 
peroxynitrite and other RNS production.8,9 Nitrotyrosine levels in cells therefore indicate 
the amount of RNS the cell has encountered. Several factors tend to influence levels 
of reactive species in the aneurysm wall.10 Smoking is suggested to increase locally-
produced oxidative stress in the aortic wall.10 Statin therapy is thought to decrease 
local oxidative stress levels in the aneurysm wall.11,12 An improved antioxidant capacity 
is likely involved, but a decrease in the formation of free radicals, if any, has so far not 
been shown and remains to be investigated.13 Statins have even been proposed to 
decrease the aneurysm growth rate of small AAA.14 However, not much is known about 
reactive species production in AAA patients and how statins can affect their production 
systemically. We sought to determine if systemically circulating WBC are also a source 
of reactive species in AAA patients and whether the production is influenced by statin 
therapy.

We hypothesized that in patients treated by statins the production of reactive species 
in circulating WBC will be lower than in untreated patients. In this study, we analyzed 
individual production of reactive species by circulating neutrophils, lymphocytes, and 
monocytes in AAA patients. We measured RNS via nitrotyrosine levels in the WBC and 
quantified ROS by direct measurement of mitochondrial superoxide and cytoplasmic 
hydrogen peroxide production via live cell imaging. We differentiated between AAA 
patients with and without statin therapy.
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2. MATERIAL AND METHODS

The study was approved by the Medical Ethical Committee of the Amsterdam University 
Medical Center (AUMC)  (reference number: 2010/193). Written informed consent was 
obtained from all patients and volunteers.

2.1 Patient selection and blood sample gathering
We consecutively included 34 AAA patients, of which 30 were males (in accordance 
with current epidemiology).3 Venous blood from AAA patients was collected in EDTA-
containing tubes prior to elective aneurysm repair in our medical center. Excluded 
subjects were those with acutely-treated AAA, ruptured or thoraco-abdominal aortic 
aneurysms, as the latter have a pathogenesis distinct from AAA.15 As controls, we 
consecutively included the first 10 healthy persons (9 males) that voluntarily applied 
for the study. Exclusion criteria for the control group were any comorbidities, use of 
medications and age younger than 40 years.

Blood smears were made immediately and then snap frozen and stored in -80˚C 
until use. Blood samples were cooled at 4˚C and directly centrifuged, finally, the 
buffy coat was extracted. The buffy coat extract was then immediately resuspended 
for immunofluorescence labeling and live cell imaging (see below). Live cell imaging 
was performed within 2 hours after sample procurement (see study design in figure 
3.1). Preoperative creatinine and total leukocyte measurements were performed 
by the department of Clinical Chemistry in the AUMC Manual leukocyte differential 
counts were performed on all blood smears. Aneurysm diameters were measured by 
computed tomography angiography. If multiple angiographies had been performed 
(n=12), aneurysmal growth is presented in cm per month.

2.2 Immunofluorescence staining
2.2.1 Measurement of peroxynitrite levels via nitrotyrosine
Blood smears were air-dried, fixed with 4% formalin, and washed in 0.05% Tween (cell 
washing solution). Smears were stained at room temperature with anti-nitrotyrosine 
rabbit IgG primary antibody for one hour (1:50; Molecular Probes) and Alexa 488 anti-
rabbit secondary antibody for 30 minutes (1:100; Molecular Probes). The cell membrane 
glycocalyx was labeled with Alexa 555 fluorescent wheat-germ-agglutinin probe (1:50; 
Molecular Probes) and then mounted with VectashieldTM mounting medium-containing 
DAPI nuclear stain (Vector Laboratories Inc.). Negative control smears were treated in 
the same fashion, but without primary antibodies.
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Table 3.1 AAA patient characteristics.
Patient characteristics of total AAA patients, subdivided in non-statin users and statin users. Data are 
presented as number (n), medians with ranges (outliers indicated separately) or as percentages. P-values are 
presented for comparison between the non-statin users and statin users (=p1) and for comparison between 
control and total AAA patients (=p2). Statistically significant differences are indicated by an asterisk.

Total AAA 
patients

Non-statin 
users Statin users p1 Controls p2

 n 34 16 18 – 10 –

 Male / Female (n) 30 / 4 14 / 2 16 / 2 1.00 9 / 1 1.00

 Age (years) 74 (54 – 91) 74 (57 – 85) 74 (54 – 91) 0.51 53 (40 – 62) 0.03

 Aneurysm diameter (cm) 6.3 (3.5 – 10.0) 6.3 (3.5 – 10.0) 6.4 (5.5 – 9.0) 0.86 – –

 Aneurysm growth (cm/month) 0.07 (0.05 – 0.13) 0.07 (0.06 – 0.10) 0.08 (0.05 – 0.13) 0.76 – –

 Aneurysm length (cm) 9.7 (5.1 – 18.0) 9.8 (5.5 – 18.0) 9.2 (5.1 – 17.7) 0.42 – –

 Aneurysm supra- vs infrarenal (n) 12 / 22 6 / 10 6 / 12 1.00 – –

 Symptoms (n(%)) 12 (35) 6 (38) 6 (33) 0.80 – –

 Claudicationa (n(%)) 9 (26) 3 (19) 6 (33) 0.45 – –

 Restpaina (n(%)) 5 (15) 2 (13) 3 (17) 1.00 – –

 Backpain (n(%)) 8 (24) 5 (31) 3 (17) 0.43 – –

 Positive smoking history (n(%)) 26 (76) 12 (75) 14 (78) 1.00 3 (33) 0.02

 Coronary heart disease (n(%)) 24 (71) 8 (50) 16 (89)  0.02* 0 (0) <0.01

 Hypertension (n(%)) 26 (76) 13 (81) 13 (72) 0.69 0 (0) <0.01

 Hypercholesterolemiab (n(%)) 14 (41) 1 (6) 13 (72)  <0.01* 0 (0) <0.01

 Diabetes (n(%)) 4 (12) 1 (6) 3 (17)  0.60 0 (0) 0.56

 Statin (n(%)) 18 (53) 0 (0) 18 (100) – 0 (0) –

 Antihypertensives (n(%)) 28 (82) 12 (75) 16 (89) 0.39 0 (0) –

 Antiplateletsc (n(%)) 17 (50) 3 (19) 14 (78)  0.02* 0 (0) –

 Creatinined (μmol/l) 111 (64 – 447) 103 (85 – 259) 91 (64 – 447)  0.05* not available –

 eGFRe (ml/min/1.73m2) 63 (11 – 105) 58 (22 – 78) 70 (11 – 105) 0.08 not available –

 Leukocytesf(109/l) 8.0 (2.4 – 12.6) 8.2 (4.7 – 12.6) 8.0 (2.4 – 12.1) 0.68 8.4 (3.5 – 10.2) 0.48

 Neutrophils (%) 81 (53 – 100) 80 (53 – 100) 81 (59 – 93) 0.69 80 (69 – 100) 0.74

 Lymphocytes (%) 12 (0 – 39) 14 (0 – 39) 12 (0 – 24) 0.30 17 (0 – 26) 0.44

 Monocytes (%) 2 (0 – 25) 0 (0 – 25) 10 (0 – 25) 0.22 3 (0 – 10) 0.35
a Fontaine 2a or 2b for claudication; 3 or 4 for leg rest pain; b Total cholesterol (TC) > 6.5 mmol/l or TC/ High 
Density Lipoprotein (HDL) ratio > 8; c Mainly aspirin, occasionally combined with dipyridamole; d Reference 
value between 40 and 100 μmol/l; e Estimated glomerular filtration rate (calculated by modification of diet in 
renal disease). Reference value is > 65 ml/min/1.73m2; f Reference value is < 10 * 109/l.

2.2.2 Measurement of superoxide and hydrogen peroxide production via live cell 
imaging
Buffy coat extract was resuspended in ADS buffer at 37˚C (116mM NaCl/ 5.3mM 
KCL/ 1.2mM MgSO4.7H2O/ 1.13mM NaH2PO4.H2O/ 20mM Hepes/5mM Glucose/ 1mM 
CaCl2) and labeled with MitoSOX Red superoxide indicator (mitochondrial ROS) and 
5-6-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-DCF) acetyl ester 
C6827, sensitive for hydrogen peroxide (cytoplasmic ROS) according to the manufacturer 
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instructions (Molecular Probes). After 30 minutes of incubation at 37˚C with the latter 
probes, samples were then immediately analyzed by live cell imaging.

2.3 Quantitative immunofl uorescence microscopy: image 
acquisition, masking, and analysis
2.3.1 Image acquisition
A Zeiss Axiovert 200M MarianasTM inverted microscope was used, equipped with a 
motorized stage (stepper-motor) with z-axis increments of 0.1μm, and a turret with 
a DIC brightfi eld cube and three epifl uorescence cubes. DAPI was visualised in blue, 
FITC in green (nitrotyrosine and hydrogen peroxide), and Cy3 in red (cell membrane 
and superoxide). A cooled Sensicam SVGA CCD camera (1280x1024 pixels; Cooke Co., 
USA), linear over its full dynamic range, recorded images with true 16-bit capability. 
The microscope, camera, and data processing were controlled by SlideBookTM software 
(version 4.2.0.1, Intelligent Imaging Innovations). Images were taken with a custom 40X 
oil objective (CARL ZEISS). Figures 3.2A–D, 3.4A–B and 3.5A–B show representative 
images of blood smear and live cell imaging, respectively.

Figure 3.1 Study design
Diagram of the study design. Venous blood from AAA patients and healthy volunteers was analyzed. 
Superoxide and hydrogen peroxide were measured by live cell imaging and nitrotyrosine was measured by 
immunofl uorescence microscopy.
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To avoid artifactual induction of ROS generation, prior identifi cation of WBC with CD45 
antibodies was not performed. Manual diff erential count was performed based on 
morphological criteria (nucleus, cytoplasm and diameter) as described earlier.16 Cells 
were identifi ed as neutrophil (lobed nucleus; granule-fi lled cytoplasm), monocyte (round 
or kidney shaped nucleus; little cytoplasm; diameter ≥8μm) or lymphocyte (round 
nucleus; little cytoplasm; diameter <8μm; see 2A for example). Of each blood smear 
and buff y coat sample, approximately 100 WBC per patient were imaged on the whole 
glass slide.

2.3.2 Masking and quantifi cation of the images
An operator-dependant binary overlay outlining the segment of interest was used 
for quantifi cation of fl uorescence, examples are given in fi gure 3.2B, 3.4B and 3.5B. 
Levels of nitrotyrosine, superoxide and hydrogen peroxide were measured in mean 
fl uorescence intensity (representing the mean pixel intensity given in Analog-to-digital 
Units [A.U.], being an equipment dependant unit defi ned by SlideBookTM software). 
Fluorescence intensity was corrected for diff erences in total area size of the masks as 
well for the varying non-specifi c background that was quantifi ed by analysis of negative 
control smears of the same sample, which were included in every staining. Mean levels 
per cell per patient were used and for each group of patients the median with ranges.

2.4 Statistical analysis
Data were analyzed with SPSS (IBM Statistics v20, U.S.A.). For multiple non-parametric 
distributed groups the Kruskal–Wallis test was used fi rst and subsequently the Mann–
Whitney U test for comparing two groups. Fisher’s exact test was used for categorical 
variables in two groups. Correlations were tested with Spearman’s Rank Correlation 
(Rs). Raw data are given as medians with ranges and presented graphically as scatter, 
or boxplots (showing medians and quartiles) with outliers (according to Tukey’s criteria) 
indicated separately. For univariate analysis, a general linear model was made, by adding 
log-transformed parameters to the model, or for dichotomous parameters, dummy 
variables (0=absence and 1=presence of covariate). Parameters with p-value <0.15 were 
accepted. Tests were considered statistically signifi cant at p≤0.05.
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3. RESULTS

3.1 Protein nitrosylation in circulating white blood cells
Patient characteristics of 34 AAA patients are shown in table 3.1. In AAA patients, 
median nitrotyrosine fluorescent intensity levels (in A.U., Analog-to-digital Units) were 
in neutrophils 865 (313–2144), in lymphocytes 144 (68–555) and in monocytes 490 
(112–2238; figure 3.2E-G). The median levels of the healthy volunteers (controls, n=10) 
were in neutrophils 466 (340–820), in lymphocytes 99 (82–246) and in monocytes 191 
(102–386; figure 3.2E-G). Control levels in neutrophils and monocytes were lower than 
in AAA patients (p≤0.03). Age was not correlated with nitrotyrosine in neither control 
and patient groups nor when groups were pooled (Rs -0.54; Rs -0.15; Rs 0.15, p≥0.27 
respectively).

Different types of statin products were used (simvastatin: n=12; atorvastatin: n=4; 
pravastatin: n=1; fluvastatin; n=1). To compare the dose effect of statins we converted 
other types to an equivalent simvastatin dose according to a statin conversion 
chart.17 Equivalent simvastatin doses varied from 5 to 80mg per day. The following 
comorbidities and drug use were more frequent in the statin group than in the non-
statin group: coronary heart disease, hypercholesterolemia, use of antiplatelets and 
creatinine levels (table 3.1; p≤0.05). Univariate analysis after log-transformation showed 
that these characteristics were no confounding factors for nitrotyrosine production 
(coefficients=0.00–0.08, ns). All patients using statins were treated for at least 6 months. 
Patients in the non-statin group had either ceased the therapy (all since at least 5 
months) due to complaints of mainly myopathy, or did not start the therapy yet as the 
aneurysm was recently diagnosed. The median nitrotyrosine levels in the neutrophils 
were higher in AAA patients not using statins (non-statin group; n=16; 929 [553–2144]) 
than in the statin group (646 [313–1706]; n=18; p=0.03; figure 3.2E). In neutrophils 
and monocytes, statin users in the AAA group had higher nitrotyrosine levels than 
controls (p=0.03 and p=0.04, respectively). The difference in nitrotyrosine production 
in neutrophils between statin users and non-statin users was confirmed by univariate 
analysis (coefficient=-0.12, R2=0.11, p=0.05). Intercept of the model was 3.01 and model 
R2 was 0.29. The equivalent simvastatin dose tended to correlate negatively with 
nitrotyrosine levels (Rs -0.32, p=0.06; figure 3.3). Univariate analysis showed that age, 
other drug use, symptoms and other comorbidities from table 3.1 were no confounding 
factors. We found no association between equivalent simvastatin dose and aneurysm 
diameter, growth, length or localization.
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Figure 3.2 In vivo peroxynitrite production
An example of characteristic cell morphology is given in fi gure A and the binary overlay for masking in fi gure 
B. In fi gure C and D, representative images of nitrotyrosine in AAA patients with no statin therapy (C) and 
with statin therapy (D) are presented. The quantifi cation of nitrotyrosine in neutrophils (E), lymphocytes 
(F) and monocytes (G) in AAA patients (subdivided in non-statin and statin users) and controls is given. 
Data are presented as boxplots with interquartile ranges. Note the diff erences in scale for the lymphocytes. 
A.U. = Analog-to-digital Units; an accolade indicates signifi cant diff erence between groups (p<0.05); outliers 
are indicated by an asterisk.
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Since smoking is a known factor of increased ROS production, we analyzed patients with 
positive smoking history (smokers group, n=26) separately.10 No signifi cant diff erence 
was found in nitrotyrosine production between active smokers and patients with 
negative smoking history. Subgroup analysis in the smokers group showed similar levels 
between statin users and non-statin users (p>0.18). In the statin group, smokers (n=14) 
had signifi cantly higher median nitrotyrosine levels in lymphocytes than non-smokers 
(n=12; 159 (100–285) and 94 (68–122), respectively; p=0.03)). In the other WBC types, 
no diff erences were found.

3.2 Live mitochondrial and cytoplasmic oxidative stress production
Mitochondrial superoxide median fl uorescent intensity levels (in A.U.) in AAA patients 
were in neutrophils 352 (101–947), in lymphocytes 997 (118–2745) and in monocytes 
754 (224–2099; fi gure 3.4C-E). Median control levels were in neutrophils 268 (201–
459), in lymphocytes 877 (762–951) and in monocytes 361 (199–492; fi gure 3.4C-E). No 
diff erences were found in all three cell types between AAA patients using statins and 
not using statins (p>0.20). Control levels in monocytes of healthy volunteers were lower 
than in AAA patients (p=0.05; fi gure 3.4E).

Figure 3.3 Nitrotyrosine production in neutrophils for varying statin doses
In this scatterplot the nitrotyrosine production in neutrophils of AAA patients and controls is given (y-axis) for 
the diff erent statin doses and types. Dose is given in mg per day as equivalent simvastatin doses (corrected 
according to the statin conversion chart as described in the text). The correlation (Spearmans Rank [Rs]) is 
given with p-value for AAA patients. Diff erent statin types are recognizable by there own marker (see legend). 
Controls are given in the right end of the fi gure. Median values are indicated by a horizontal bar in case of 3 
or more values per dose.
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Median cytoplasmic hydrogen peroxide levels (in A.U.) in AAA patients were in 
neutrophils 90 (62–209), in lymphocytes 60 (31-1193) and in monocytes 80 (61–
880; fi gure 3.5C-E). Median levels in AAA patients were similar to controls, being in 
neutrophils 105 (85–134), in lymphocytes 47 (31–71) and in monocytes 105 (83–146). 
There were no diff erences between AAA patients using statins and not using statins. 
The patient characteristics and comorbidities presented in table 3.1 were not correlated 
to mitochondrial superoxide and cytoplasmic hydrogen peroxide levels in circulating 
WBC.

Figure 3.4 Mitochondrial superoxide production.
Examples of live cell imaging of mitochondrial superoxide (O2

-) production (A), and the binary overlay for 
masking (B). The quantifi cation of superoxide production in neutrophils (C), lymphocytes (D) and monocytes 
(E) in AAA and controls is given. Data are presented as boxplots with median and interquartile ranges. Note the 
diff erences in scale for neutrophils. A.U. = Analog-to-digital Units; an accolade indicates signifi cant diff erence 
between groups (p<0.05); outliers are indicated by an asterisk.
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4. DISCUSSION

In this study, RNS production was increased in circulating neutrophils and monocytes 
of AAA patients as compared to healthy volunteers. In neutrophils its production was 
lower in patients using statins than in patients who were not treated so. The statin 
dose tended to correlate negatively with RNS production. Mitochondrial superoxide 
production was elevated in circulating monocytes of AAA patients, but not in their 
neutrophils or lymphocytes. Hydrogen peroxide production was not elevated in AAA 
patients in any cell-type. Statins had no infl uence on these ROS-levels.

Figure 3.5 Cytoplasmic hydrogen peroxide production.
Examples of live cell imaging of cytoplasmic hydrogen peroxide (H2O2) production (A), and the binary overlay 
for masking (B). The quantifi cation of hydrogen peroxide production in neutrophils (C), lymphocytes (D) and 
monocytes (E) in AAA and controls is given. Data are presented as boxplots with median and interquartile 
ranges. Note the diff erences in scale for monocytes. A.U. = Analog-to-digital Units; outliers are indicated by 
an asterisk.
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Of all ROS and RNS investigated in WBC of AAA patients, peroxynitrite seems to be the 
most important source of reactive species produced in circulating WBC. WBC are known 
to be activated by endothelial-WBC interactions in order to produce reactive species.18

Chronic infl ammation in AAA can increase expression of adhesion molecules over the 
inner surface of the aneurysm. We suggest that as WBC pass the aneurysm, they are 
activated by adhesion molecules to produce peroxynitrite. Such a mechanism could 
be responsible for increased RNS production in circulating WBC.

Our data show that RNS produced by circulating neutrophils is lower in AAA patients 
treated by statins than in patients not treated so. This is possibly the result of decreased 
peroxynitrite production in the WBC themselves. In order to produce RNS, a WBC must 
fi rst be primed.19 Hyperlipidemic patients have more circulating primed neutrophils 
than patients with normal ranged lipid levels.20 As statins are lipid lowering drugs, 
less potent peroxynitrite-producing neutrophils circulate. Statins also reduce vessel 
wall infl ammation, resulting in fewer endothelial-leukocyte interactions and therefore 
fewer primed neutrophils.18,19 The infl uence on total RNS production by circulating 
WBC would be the greatest when its production in neutrophils is inhibited, as they 
are the most numerous and have the highest peroxynitrite production. Lymphocytes 
are the only WBC type with similar RNS production in AAA and controls. In this WBC 
type no diff erences in peroxynitrite footprint was observed between statin and non-
statin users. This could indicate that statins might only reduce enhanced levels of RNS 
production in AAA patients, and have no infl uence on WBC with normal levels of RNS 
production. Future research investigating the eff ect of statins on RNS production in 
healthy subjects could possibly explain the lack of eff ect on lymphocytes. Eff ective 
reduction of vessel wall infl ammation in AAA by statins is earlier described to be dose-
dependent.21 In circulating neutrophils the observed peroxynitrite lowering eff ect of 
statins might also be dose-dependent. However, the patient numbers from which this 
suggestion is derived are small. The majority of patients in our study used simvastatin. 
We recalculated the doses of other statin types using with the conversion table for the 
lipid lowering eff ect, since no such conversion data exists for pleiotropic actions of 
statins (i.e. independent of lipid lowering). We did so as a fi rst approximation, although 
we realize that it is possible that statins may vary in relative strength for diff erent 
actions.

Statins have earlier been demonstrated to improve antioxidant capacity, and thus 
reduce destructive eff ects of oxidative stress in the aneurysm wall.11,12 Of note, a 
decrease in hydrogen-peroxide (H2O2) production by statins was not observed in AAA 
tissue.11,13 This complies with our fi nding that statins had no eff ect on H2O2 production in 
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WBC of AAA patients. Moreover, we saw a similar H2O2 production in AAA patients and 
controls, the latter group being absent in the study of Piechota et al.12 In addition, we 
provide for the first time direct measurements of mitochondrial superoxide production 
in AAA patients, using a thoroughly checked, specific marker that not signals reactive 
sulfide species.22–24 Interestingly, again no effect of statins on the formation of this 
oxygen-radical was observed, while AAA patients had an increased formation only in 
monocytes, but not neutrophils or lymphocytes. Hence, in contrast to RNS formation, 
ROS production is not influenced by statins, and also seems less prominently increased, 
if any, in AAA patients. Future research might focus on nitric oxide metabolism to find 
an explanation for these differences between oxygen and nitrogen radical production 
in AAA patients.

Multiple clinical trials have investigated the influence of statin therapy on aneurysm 
development and growth rate.14,25–29 However, to date it remains a matter of debate. A 
meta-analysis of observational comparative studies showed that the effect of statin 
therapy on AAA development, if any, is likely to be on the growth prevention of small 
AAA.30 We found no correlation between the statin therapy and AAA diameter or 
growth. The absence of this correlation might be explained by the fact that all patients 
included in our study, with the exception of one, had a large diameter AAA. This might 
indicate that statin therapy has less effect on progression of larger aneurysms. However, 
the present study was not designed to demonstrate this correlation, and therefore no 
definitive conclusions can be drawn based on these data.

Cigarette smoke contains several substances, like cathechol and hydroquinone, 
which increase RNS and ROS production.31 Our data showed that only lymphocyte 
peroxynitrite footprint was higher in smokers. Also, contrary to the total AAA group and 
non-smokers, we found that within the smoking group, no lower levels of peroxynitrite 
footprint were seen in AAA patients using statins. We speculate that smoking might 
have a selective effect on reactive species production in circulating WBC and disrupts 
a possible RNS-decreasing effect of statins on circulating WBC.

A limiting factor of our study is the younger age of the control group. It has been 
demonstrated that with ageing the adequate anti-oxidative response declines.32 
However, we have demonstrated by univariate analysis in our cohort that age had 
no significant influence on peroxynitrite footprint in circulating neutrophils. Also, a 
limitation is the observational design of our study, which hinders to draw causative 
correlations between the investigated factors. This explains partly that we found 
none of the individual patient characteristics to be associated with aneurysm growth, 
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while some are proven independent risk factors for aneurysm diameter and growth. 
However, one must also acknowledge the complexity and multifactorial nature of AAA 
development, making it difficult to point out a single factor as causative.

The current study contributes to a better understanding of oxidative stress production 
in AAA patients, and additionally the RNS lowering effect of statins in circulating 
neutrophils. For the surgeons that treat AAA patients with statins during their follow-
up, these results emphasize the pleiotropic effects of its use. Additionally, these results 
seem to indicate that smoking might possibly disrupt the oxidative stress lowering 
effects of statins. This suggestion should help persuade the patient to persist in 
not smoking at all, even when considering that the evidence for this finding is not 
very strong. Furthermore, our results show no differences in hydrogen peroxide and 
superoxide production between AAA patients and controls, except for superoxide 
production in monocytes, suggesting that ROS are a less important source of oxidative 
stress than RNS are. Therefore, future research could more specifically focus on the 
possibilities of RNS reduction, in particular its production by circulating neutrophils.

In conclusion, we found that peroxynitrite footprint in circulating neutrophils and 
monocytes of AAA patients are higher than in controls. Patients treated by statins had 
lower levels of peroxynitrite footprint in neutrophils than non-statin users.
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CHAPTER 4

THE POTENTIAL ROLE OF NEUTROPHIL 
GELATINASE-ASSOCIATED LIPOCALIN 

(NGAL) IN THE DEVELOPMENT OF 
ABDOMINAL AORTIC ANEURYSMS
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ABSTRACT

Objective: In abdominal aortic aneurysm (AAA) pathophysiology deterioration of 
the medial aortic layer plays a critical role. Key players in vessel wall degeneration 
are reactive oxygen species (ROS), smooth muscle cell apoptosis and extracellular 
matrix degeneration by matrix metalloproteinase-9 (MMP-9). Lipocalin-2, also 
Neutrophil Gelatinase-Associated Lipocalin (NGAL), is suggested to be involved in 
these degenerative processes in other cardiovascular diseases. We aimed to further 
investigate the role of NGAL in AAA development and rupture.

Methods: In this observational study aneurysm tissue and blood of ruptured (n=13) 
AAA patients were investigated versus non-ruptured (n=26). Non-dilated aortas (n=5) 
from deceased patients and venous blood from healthy volunteers (n=10) served as 
controls. NGAL concentrations in tissue and blood were measured by Enzyme-Linked 
Immuno Sorbent Assay and immunofluorescence microscopy. Nitrotyrosine (marker of 
ROS), MMP-9 and caspase-3 (marker of apoptosis) in aneurysm tissue were measured by 
immunofluorescence microscopy. AAA expansion rates were calculated retrospectively.

Results: NGAL (in µg/mL) blood concentration in ruptured AAA was 46 (range: 22–
122) versus 26 (range: 6–55) in non-ruptured AAA (p<0.01) and 14 (range: 12–22) in 
controls (p<0.01). In the aneurysm wall of ruptured AAA NGAL concentration was 4.7 
(range: 1.4–25) versus 4.4 (range: 0.2–14) in non-ruptured AAA (not significant) and 1.8 
(range: 1.2–2.7) in non-dilated aortas (p=0.04). In the medial layer, NGAL correlated 
positively with nitrotyrosine (Rs=0.80;p<0.01), MMP-9 (Rs=0.56;p=0.02) and caspase-3 
(Rs=0.75;p=0.01). NGAL did not correlate to AAA expansion rate in blood or tissue 
(p=0.34 and p=0.95, respectively).

Conclusions: This study demonstrates that NGAL blood concentration is higher in 
ruptured AAA patients than in non-ruptured AAA. NGAL expression in the AAA wall is 
also higher than in non-dilated aorta. Furthermore, it’s expression is associated with 
factors of vessel wall deterioration. Based on our study results, we could not determine 
NGAL as biomarker for AAA growth or rupture. However, our findings do support a 
potential role of NGAL in the development of AAA.
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1. INTRODUCTION

Abdominal aortic aneurysm (AAA) development is associated with aortic medial 
layer deterioration. This is a multifactorial process in which smooth muscle cell (SMC) 
apoptosis and migration are important features, which are facilitated by loss of the 
vessel wall structure due to enzymatic degradation of the extracellular matrix (ECM).1–5 
Matrix metalloproteinases (MMP), mainly MMP-2 and MMP-9, are responsible for ECM 
degeneration.1,2 Reactive oxygen species (ROS), among others, have been reported to 
play a prominent role in SMC apoptosis in AAA.3 These processes result in medial layer 
decline, AAA development and eventually may lead to a life threatening intra-abdominal 
bleeding in case of a rupture.6

Neutrophil Gelatinase-Associated Lipocalin (NGAL) is an acute phase protein stored 
in the granules of neutrophils and has been the topic of interest as a diagnostic and 
prognostic tool for several cardiovascular diseases.7–10 NGAL may prevent MMP-9 from 
inactivation, and doing so, is thought to stimulate aortic wall degeneration.11,12 In mice 
NGAL inhibition even attenuates AAA growth.7 On the opposite, it is supposed to have 
a protective role against ROS induced apoptosis.13,14 NGAL expression has earlier been 
described in the aortic wall of non-ruptured AAA and its role as a biomarker for AAA 
presence has even been suggested. In patients with carotid atherosclerosis NGAL 
demonstrated potential as marker for vulnerable plaques.9,15–17 Furthermore, NGAL 
seems to have potential as a marker for acute kidney injury.18 More specific, NGAL is 
suggested to predict hemodialysis and poor outcome after major aortic surgery.19,20 
However, to date expression of NGAL in ruptured AAA patients was never assessed.21–23

In the present study, we aimed to investigate the role of NGAL in the pathophysiology 
of AAA rupture. We hypothesized that NGAL is increased in the aneurysm wall and 
in blood of ruptured AAA as compared to non-ruptured AAA. NGAL concentrations 
in blood and aneurysm tissue of ruptured AAA, non-ruptured AAA and non-dilated 
aorta’s were measured. To investigate its role in the pathophysiology, we investigated 
correlations between NGAL and factors of aneurysm development, i.e. MMP-9, ROS 
and SMC apoptosis.
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2. MATERIALS AND METHODS

The study was approved by the Medical Ethics Committee of the Amsterdam University 
Medical Center  (reference number: 2010/193). Written informed consent was obtained 
from all patients or from the patient’s family in case of decease.

2.1 Patients, tissue and blood samples
We measured NGAL concentration in full thickness aortic biopsies of the aneurysm wall 
of ruptured and non-ruptured AAA, which were obtained during surgery. Additionally, 
we measured NGAL blood concentration (all samples were taken immediately after 
patient was anesthetized before incision). The expression and localisation of NGAL 
were determined separately in the medial layer and atherosclerotic plaque, the two 
adjacent vessel wall layers where we expected the highest activity of NGAL. We also 
examined the expression of indicators for aneurysm development, i.e. MMP-9, ROS and 
SMC apoptosis, in ruptured and non-ruptured AAA. Ruptured and non-ruptured AAA 
measurements were compared to tissue and blood control groups. As leukocytes and 
impaired kidney function are associated with increased NGAL expression we analyzed 
total circulating leukocytes and kidney function (via MDRD) to exclude these factors 
as potential confounders.22,23 NGAL blood concentration was also correlated with the 
retrospectively determined AAA expansion rate.

All consecutive patients with a ruptured and non-ruptured AAA in the period March 
2010 until May 2014 of which blood samples and aortic tissue was available, were 
included. The ruptured AAA group consisted of 13 patients (8 males), the non-ruptured 
AAA group of 26 patients (17 males). AAA diameter (in cm) was measured by computed 
tomography or ultrasound and in case of multiple measurements the expansion rate 
was calculated (all non-ruptured AAA; n=7). In the ruptured group the preoperative 
aneurysm diameter was significantly larger than in the non-ruptured (7.0 versus 6.1 cm, 
respectively; p=0.04; table 4.1). The tissue control group consisted of 5 people (3 males) 
and the blood control group of 10 healthy volunteers (9 males) with no comorbidities 
and no medication (table 4.1).

NGAL concentration in both blood and in full thickness biopsies of the aneurysm 
wall was measured by Enzyme-Linked Immuno Sorbent Assay (ELISA). Expression in 
the medial layer and atherosclerotic plaque was measured by immunofluorescence 
microscopy. In contrast to ELISA, the expression of NGAL in these specific layers could 
selectively be measured by microscopy. As indicators of aneurysm development 
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Table 4.1 Baseline patient characteristics and blood values of both abdominal aortic aneurysm (AAA) groups. 
P-values are given to compare both AAA groups. Significant differences are indicated by an asterisk. Also 
characteristics of both tissue and blood controls are given. Data are presented as absolute values, as medians 
with range or as percentages.

Non-ruptured Ruptured P Tissue 
controls Blood controls

 N 26 13 - 5 10

 Male / female (N) 17 / 9 8 / 5 0.71 3 / 2 9 / 1

 Age (years) 71 (53 – 77) 70 (64 – 89) 0.24 69 (64 – 87) 53 (40 – 62)

 Aneurysm diameter (cm) 6.1 (3.6 – 10.4) 7.0 (4.0 – 10.0) 0.04* - -

 Aneurysm growth (cm/year) 0.9 (0.1 – 4.4) NA - - -

 Aneurysm locationa

 Suprarenal (%) 4 8  1.00 - -

 Juxtarenal (%) 35 54  0.31 - -

 Infrarenal (%) 54 31  0.31 - -

 Symptoms (%) 36 100 <0.01* 0 0

 Claudication (%) 27 8 0.38 0 0

 Backpain (%) 0 46 0.03* 0 0

 Abdominal pain (%) 5 17 0.28 0 0

 Other (%) 5 25 0.12 0 0

Procedure and outcome

 Suprarenal clamping (%) 35 46  0.49 - -

 Posoperative ICUb (days) 1 (0 - 7) 2 (1 - 15)  <0.01* - -

 Total hospital admission (days) 8 (1 - 46) 14 (4 - 58)  0.12 - -

 Postoperative AKIc (%) 8 23  0.15 - -

 Mortality (%) 8 15  0.59 - -

Co morbidity

 Positive smoking history (%) 74 56 0.10 20 33

 Coronary heart disease (%) 41 46 0.76 0 0

 COPDa (%) 36 23 0.48 0 0

 Hypertension (%) 68 62 0.73 20 0

Medication

 Antihypertensives (%) 82 75 0.68 0 0

 Statins (%) 91 58 0.07 0 0

 Anticoagulants (%) 82 67 0.38 0 0

Blood values

 MDRDb (mL/min/1.73 m2) 75 (12 – 90) 52 (21 – 90) 0.57 101 (47 – 120) NA

 CRPc (mg/L) 3 (3-62) 14 (3 - 124) 0.56 23 (18 – 33) NA

 Leukocytesd (109/L) 9 (3-11) 12 (7 - 30) 0.96 9 (9 – 10) 9 (4 – 10)
a Aneurysm location was not available in 2 non-ruptured and 1 ruptured patient; b ICU = intensive care unit; c AKI = acute 
kidney injury; d COPD = chronic obstructive pulmonary disease; e MDRD = modification of diet in renal disease; reference 
value > 90 mL/min/1.73m2; e CRP = complement reactive protein; reference value < 10 mg/L; in one non-ruptured AAA 
patient it was not measured;
f reference value < 10 *109/L.
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expression of MMP-9, nitrotyrosine (a footprint marker of ROS production) and 
caspase-3 (an essential protein in the apoptosis cascade) were examined.24

The ventral aneurysm wall was harvested during open repair of ruptured and non-
ruptured AAA. Blood samples were preoperatively drawn, immediately after patients 
were anesthetized before incision and then centrifuged (20 minutes at 4˚C) to subtract 
blood plasma. For baseline values, the ventral aortic wall of deceased patients without 
an AAA, was harvested immediately after death. Blood was drawn from healthy 
volunteers with no aneurysm and no comorbidity. All tissues and blood samples were 
snap frozen and stored at -80˚C.

2.2 ELISA for NGAL concentration in tissue and blood plasma
The human NGAL ELISA was developed in our laboratory using the matched antibody 
pair HYB 211-01 and the biotinylated HYB 211-02B (Thermo Fisher Scientific, USA). 
Briefly, the primary antibody HYB 211-01 (0.5 µg/mL in PBS) was coated to high-binding 
ELISA plates (Corning, USA, catalog number 2592) overnight at 4°C. After washing 
with phosphate-buffered saline (PBS) supplemented with 0.5% Tween 20 (PBST), the 
plates were blocked using PBST + 0.1% casein for 2 hours at room temperature and 
subsequently, after washing, incubated with a series of dilutions of a recombinant 
human NGAL calibrator (12.5 ng/mL – 200 ng/mL; Thermo Fisher Scientifi, USA) or 
100 x diluted tissue samples in PBST + 0.1% casein, overnight at 4°C. After washing, 
biotinylated HYB 211-02B was added as detecting antibody (0.5 µg/mL in PBST + 
0.1% casein) for 3 hours at room temperature, washed with PBST and incubated with 
streptavidin-HRP. Bound streptavidin was detected with TMB substrate and the optical 
density was measured after 15 minutes of incubation using an ELISA reader.

2.3 Immunofluorescence staining
Cryosections were cut (5 and 20μm thick), air-dried and fixed in 4% formaldehyde 
containing PBS, then washed in PBST. All were double stained with the following 
primary antibodies (separately incubated for 1 hour; dilution in PBS [1:50]): NGAL and 
nitrotyrosine; NGAL and MMP-9; NGAL and caspase-3. Primary antibodies were: anti-
NGAL mouse monoclonal (NGAL HYB 211-01, sc-59622, Santa Cruz Biotechnology Inc., 
USA); anti-nitrotyrosine rabbit polyclonal (A-21285, Molecular Probes Inc., USA); anti-
MMP-9 goat polyclonal (MMP-9 M-17, sc-6841, Santa Cruz Biotechnology Inc., USA) 
and anti-caspase-3 rabbit polyclonal (anti-ACTIVE® Caspase-3 pAb, G748, Promega 
Corporation, USA). After washing, secondary antibodies (Molecular Probes, USA) 
were incubated (30 minutes; dilution in PBS [1:100]) and washed before staining the 
cell membrane glycocalyx with wheat germ agglutinin ([WGA]; Alexa 555, Molecular 
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Probes, USA) for 20 minutes in PBS [1:50]). Sections were washed and mounted using 
VectashieldTM mounting medium containing DAPI nuclear stain (Vector Laboratories 
Inc., USA). All steps were performed at room temperature. Negative control sections 
were treated the same, but without primary antibodies.

2.4 Quantitative immunofl uorescence microscopy: image 
acquisition, masking and analysis
2.4.1 Image acquisition
Sections were examined with a Zeiss Axiovert 200M MarianasTM inverted microscope, 
equipped with a motorized stage (stepper-motor, z-axis increments 0.1μm), and a 
turret with four epifl uorescence cubes, having emission in blue (DAPI; cell nuclei), 
green (FITC; secondary antibodies), red (Cy3; Rhodamine-WGA-stained-glycocalyx of 
cell membranes) or infrared (Cy5; secondary antibodies). A cooled CCD camera (Cooke 
Sensicam SVGA (Cooke Co., Tonawanda, U.S.), 1280 x 1024 pixels), linear over its full 
dynamic range, recorded images with true 16-bit capability. The microscope, camera, 
and data processing were controlled by SlideBookTM software (version 5.0.1.8, Intelligent 
Imaging Innovations, Denver, U.S.). Images were taken with custom 10X air, 40X air and 
63X oil-immersion objectives (CARL ZEISS, The Netherlands).

Based on morphological criteria (nuclei, membranes and extracellular matrix) vessel 
segments were identifi ed as medial layer (10 images per patient with 40X objective), 
atherosclerotic plaque (15 images per patient with 10X objective) or intimal layer in 
non-dilated aortas for comparison with atherosclerotic plaques (5 images per patient 
with 10X objective). Also 3D image stacks were made (20μm sections, 20 focal planes 
per stack, 63X objective). We used the 10X objective in the atherosclerotic plaque for a 
representative view of the uneven distribution of, mainly, lipocalin-2 and nitrotyrosine 

Figure 4.1 Example of the medial layer and atherosclerotic plaque of a ruptured AAA with a 10X objective 
(A): NGAL is red, the cell nuclei are blue and the auto-immunofl uorescent extracellular matrix in the media is 
green. NGAL expression in the medial layer was measured using a 40X. In fi gure B an example is given of the 
medial layer of a ruptured AAA: NGAL is red and cell nuclei are blue, arrows point in the longitudinal direction 
of smooth muscle cells. For quantifi cation of fl uorescence a mask (blue overlay) is produced. When placed 
over the initial fi gure A the mask diff erentiates the atherosclerotic plaque from the medial layer in order to 
selectively measure the NGAL expression in the atheroscelerotic plaque (C).
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Figure 4.2 NGAL concentration in blood (µg/mL) are presented for the three groups (A) and its correlations 
with blood leukocytes *109 (B) and MDRD (C). In the latter two, ruptured and non-ruptured AAA groups are 
pooled. NGAL concentration in full thickness aortic biopsies in µg/mL (D) and its expression in the medial 
layer (E) and the atherosclerotic plaque (F) are given per group. Outliers are indicated by an asterisk. Brackets 
indicate P<0.05 in comparing groups. Expressions in the medial layer and atherosclerotic plaque are given in 
arbitrary fl uorescence units (ADU*106); note diff erences in the scales of NGAL tissue expression.

Figure 4.3 Expression of nitrotyrosine, MMP-9 and caspase-3 in the medial layer (A–C) and atherosclerotic 
plaque (D–F) of ruptured and non-ruptured aneurysms and in non-dilated aortas. Outliers are indicated by 
an asterisk. Brackets indicate P<0.05 in comparing groups. Expression is given in arbitrary fl uorescence units 
(ADU*106); note diff erences in scale.
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(figure 4.1A). The 40X objective was used in the medial layer to define the measured 
proteins as intra- or extracellular (figure 4.1B).

2.4.2 Masking and quantification of the medial layer and atherosclerotic plaque
A mask is an operator-dependant binary overlay outlining the segment of interest to 
measure a certain expression (example in figure 4.1C). In the medial layer fluorescent 
objects were selected manually based on the following criteria: being not part of or 
embedded in the auto-immunofluorescent ECM; XY-axes ratio is circular and not 
ellipsoid and with sharply defined borders. This was repeated by a second independent 
observer with similar results (p=0.73). The sum intensity of fluorescence, representing 
the cumulative pixel intensity in analog-to-digital units (ADU; an arbitrary unit defined 
by SlideBookTM software), was measured and corrected for differences in area size and 
non-specific background. Per patient the mean of all images was used and for each 
group of patients the median with ranges.

2.5 Statistical analysis
We employed SPSS v24 (IBM, USA). Because of sample size and skewed distribution, the 
Kruskal–Wallis and Mann–Whitney U tests were used to compare continuous variables 
in multiple or two groups, respectively, and Fisher’s exact test for two groups with 
categorical variables. A logistic regression model was used to describe the relationship 
between dependant and multiple independent variables. Boxplots and bar charts were 
used to graphically present medians with 25th-75th percentiles (box) and ranges (figures 
4.2 and 4.3). Outliers, according to Tukey’s criteria, are indicated separately. Correlations 
were tested with Spearman’s Rank Correlation (Rs). Tests were considered statistically 
significant at p<0.05.

3. RESULTS

3.1 NGAL concentration in blood
NGAL concentration in blood of ruptured AAA (46 μg/mL [range: 22-122]) was 
significantly higher than in non-ruptured AAA (26 μg/mL [range: 6-55]); p<0.01; figure 
4.2A). Both ruptured and non-ruptured AAA had higher NGAL blood levels than 
controls (14 μg/mL [12-22]; p<0.01 and p<0.02, respectively). In both aneurysm groups 
pooled NGAL blood plasma levels correlated positively with the amount of circulating 
leukocytes (Rs 0.59; p<0.01; figure 4.2B) and correlated negatively with MDRD (Rs -0.46; 
p=0.02; figure 4.2C). There was no correlation between blood levels of NGAL and CRP 
(Rs 0.19; p=0.36).
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A logistic regression analysis was performed to analyze the relationship between AAA 
rupture (dependant variable) with the following independent variables: AAA diameter, 
AAA location, age in years (three groups: <65; 65-75; >75), smoking history, circulating 
leukocytes, MDRD and NGAL blood plasma concentration in μg/mL (three groups: <30; 
30-80; >80). Independent variables accepted in the model were: i) positive smoking 
history (OR 4.1; 95% CI 0.7–26; p=0.11); ii) blood plasma NGAL group 30-80 μg/mL (OR 
5.1; 95% CI 0.4–69; P=0.22); and iii) blood plasma NGAL group > 80 μg/mL (OR 16; CI 
1.4–209; P=0.03).

3.2 Concentration of NGAL in the full thickness aortic biopsies
The median concentration of NGAL in aortic wall tissue of ruptured AAA (4.7 μg/mL 
[range: 1.4 – 31]; figure 4.2D) was similar to non-ruptured AAA (4.4 μg/mL [range: 0.2 – 
14]). The walls of ruptured AAA had significantly higher NGAL concentrations than the 
walls of non-dilated aortas (1.8 μg/mL [range: 1.2 – 2.7]; p=0.04). NGAL concentrations 
in full thickness aortic biopsies were not correlated to its concentrations in blood (Rs 
0.23; p=0.43).

3.3 Expression of NGAL, nitrotyrosine, MMP-9 and caspase-3 in the 
medial layer
Ruptured and non-ruptured AAA had similar expressions of NGAL (respectively, 12 
[range: 2.0-18] and 8 [range: 2.0-16]; figure 4.2E), nitrotyrosine (respectively, 3.3 [range: 
0.4-22] and 1.6 [range: 0.1-31]; figure 4.3A), MMP-9 (respectively, 1.0 [range: 0.5-4.5] 
and 0.7 [range: 0.2-2.4]; figure 4.3B) and caspase-3 (respectively, 0.4 [range: 0.04-7.6] 
and 1.0 [range: 0.1-30]; figure 4.3C). NGAL, nitrotyrosine and MMP-9 had significantly 
higher expressions in ruptured AAA than in non-dilated aortas (for all P≤0.05; figure 
4.2E and 4.3A-B).

The expression of NGAL was mostly seen in round particles (figure 4.1B), as opposed 
to the smears of NGAL seen in the atherosclerotic plaque (figure 4.1A). 3D stacks with 
a 63X objective demonstrate that NGAL and nitrotyrosine were present both within 
the stained cell membranes and around, suggesting that it was present intracellular 
and extracellular.

In the medial layer NGAL expression had a significant positive correlation with 
nitrotyrosine (Rs 0.80; p<0.01), MMP-9 (Rs 0.56; p=0.02) and caspase-3 (Rs 0.75; p<0.01; 
table 4.2). There was no correlation between NGAL expression in the medial layer and 
its blood concentration (Rs 0.39; p=0.12; table 4.2).

Binnenwerk_mennodef.indd   94 09-12-19   17:05



95

NGAL is associated with AAA development

3.4 Expression of NGAL, nitrotyrosine, MMP-9 and caspase-3 in the 
atherosclerotic plaque
Expression in ruptured and in non-ruptured AAA was similar for NGAL 189 (range: 16-
436) versus 135 (range: 1-400), respectively (fi gure 4.2F), nitrotyrosine (respectively, 7.1 
[range: 0.6-12] and 2.4 [range: 0.6-34]; fi gure 4.3D) and MMP-9 (respectively, 1.4 [range: 
0.2-15] and 2.4 [range: 0.2-32]; fi gure 4.3E). NGAL and nitrotyrosine expression in both 
ruptured and non-ruptured AAA were signifi cantly higher than in non-dilated aortas 
(P≤0.02; fi gure 4.2F and 4.3D). Caspase-3 expression in ruptured AAA (0.8 [range: 0.1-
7.4]) was signifi cantly lower than in non-ruptured AAA (3.4 [range: 0.9-4.2], P=0.02). 
Non-ruptured AAA had a signifi cantly higher caspase-3 expression than in non-dilated 
aortas (0.7 [range: 0.3-1.9]; P=0.02; fi gure 4.3F).

Localisation of nitrotyrosine and NGAL showed a typical pattern (fi gure 4.4A-C): 
nitrotyrosine was expressed throughout the entire atherosclerotic plaque, but 
accumulated in circumscriptive spots, surrounded by a diff use smear of NGAL. However, 
no overlap between the nitrotyrosine and NGAL staining was seen, so nitrotyrosine 
fi tted exactly in the opening of the NGAL smear.

NGAL expression in the atherosclerotic plaque had a signifi cant positive correlation 
with its blood concentration (Rs 0.51; P=0.04; table 4.2). Despite the typical coinciding 
expression pattern of NGAL and nitrotyrosine we found no quantitative correlation 
(table 4.2). Neither was NGAL in the atherosclerotic plaque correlated with MMP-9 or 
caspase-3 (table 4.2).

Figure 4.4 Typical coinciding expression of nitrotyrosine (A) and NGAL (B) in the atherosclerotic plaque of 
AAA, i.e. non-ruptured. The left and right picture represent two layers from the same image. Arrows show 
nitrotyrosine (green in A) and NGAL (red in B). In the overlay of both images it is clear that nitrotyrosine fi ts 
exactly in the areas free of NGAL (C).
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Table 4.2 Correlations in tissue are given in the upper table between NGAL expression with factors of aneurysm 
development in the medial layer and atherosclerotic plaque and also with plasma NGAL concentrations. In the 
lower table correlations in blood are given between plasma NGAL concentrations with kidney function (given 
in MDRD) and inflammatory markers (leukocytes and CRP). Spearmans Rho correlations are given in the right 
upper part of the table and its corresponding p-values between brackets in the lower left part. Significant 
correlations are indicated by an asterisk.

Correlations in tissue NGAL medial layer NGAL atherosclerotic plaque

Nitrotyrosine 0.80 (<0.01)* -0.25 (0.47)

MMP-9 0.56 (0.02)* 0.12 (0.65)

Caspase-3 0.75 (<0.01)* 0.08 (0.75)

NGAL (plasma) 0.39 (0.12) 0.51 (0.04)*

Correlations in blood NGAL (plasma) MDRD Leukocytes CRP

NGAL (plasma) – -0.46 0.59* 0.19

MDRDa (0.09) – -0.43* -0.25

Leukocytes (<0.01) (0.01) – 0.35

CRPb (0.36) (0.21) (0.07) –

aMDRD=Modification of Diet in Renal Disease; bCRP=complement reactive protein

3.5 AAA expansion rate and NGAL blood concentrations
All AAA of which the growth rate could be calculated were expanding aneurysms (median 
0.9 cm/year [range: 0.1 – 4.4]; table 4.1). The AAA expansion rate was not correlated 
to NGAL blood plasma (p=0.34) or full thickness aortic wall (p=0.95) concentrations, 
nor was it correlated to its expression in the medial layer (p=0.30) or atherosclerotic 
plaque (p=0.69).

4. DISCUSSION

The major findings of the present study are: i) NGAL concentration in blood plasma is 
significantly higher in ruptured than in non-ruptured AAA patients; ii) NGAL expression 
in the AAA wall did not differentiate between ruptured and non-ruptured aneurysm 
patients; iii) NGAL expression in the atherosclerotic plaque had a significant positive 
correlation with its blood concentration; iv) NGAL expression in the medial layer is 
associated with indicators of aneurysm development, i.e. MMP-9, nitrotyrosine and 
caspase-3; and v) NGAL levels in blood and tissue are not correlated to AAA expansion 
rate.
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In earlier studies NGAL was associated with the presence of AAA.22,23,25 It remains 
a matter of debate whether NGAL can be correlated to AAA growth. In a review of 
Karaolanis et al. the authors conclude that NGAL appears to be a hopeful prognostic 
biomarker for AAA progression.23 However, that conclusion is based on the result of 
one study that demonstrated a retrospective correlation between plasma NGAL and 
expansion, but the authors could not reproduce that correlation in a prospective 
follow up.22 Our data show that NGAL is increased in blood plasma of ruptured AAA 
as compared to non-ruptured AAA. However, we found no correlations between 
AAA expansion rate and NGAL concentrations in blood plasma or in the AAA wall. 
These results might indicate that NGAL is associated with AAA rupture. However, our 
data do not clarify whether NGAL was increased before the rupture occurred, or as a 
consequence of the rupture. Furthermore, NGAL is more and more being acknowledged 
as a very early marker for acute kidney injury, and so its increase could also indicate 
acute kidney injury in patients with AAA rupture and concomitant hemodynamic 
shock.19,20 The latter theory is supported by the inverse correlation we found between 
NGAL concentration in blood with kidney function (in MDRD). Additionally, the absence 
of retrospective correlations between AAA expansion rate and NGAL levels in our 
cohort seem to comply with the point of view that NGAL also has no potential as a 
prognostic biomarker for aneurysm growth.

By use of immunofluorescence microscopy on transverse sections of the aneurysm 
wall we found that NGAL concentrations did not differentiate between ruptured 
and non-ruptured aneurysm patients. Again, a finding that makes it less probable 
that NGAL could be valuable as a marker for aneurysm rupture. NGAL expression 
in the atherosclerotic plaque had a significant positive correlation with NGAL blood 
concentration, but no such correlations were found between NGAL in the medial 
layer or NGAL in full thickness biopsies. In the medial layer NGAL was present both 
intracellular and extracellular of SMC, indicating expression by SMC. In an earlier study 
SMC in carotid arteries have been demonstrated to produce NGAL in response to vessel 
wall damage.26 Our data suggest that SMC in AAA are also involved in NGAL expression 
and thus that the presence of NGAL in the aneurysmal wall might have multiple sources, 
namely SMC expression alongside the earlier described increased leukocyte secretion.22

To determine a possible role of NGAL in the pathological process of aneurysm 
development, we investigated several known indicators of aneurysm development. 
First, we investigated a possible association of NGAL with ROS.3 The latter not only 
stimulates vessel wall inflammation, but also induces MMP-9 expression and SMC 
apoptosis, leading to aortic wall degeneration and dilation.2–5 Sources of ROS in AAA 
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are leukocytes and local production by SMC and endothelial cells. 27,28 We demonstrated 
that a footprint of ROS production was increased in AAA and also that it was positively 
correlated to NGAL expression in the medial layer. These findings suggest a possible 
role of NGAL in ROS management. Second, we investigated NGAL and MMP-9, the latter 
known for ECM degradation.11,21 We found a quantitative association between NGAL 
and MMP-9 in the medial layer of both ruptured and non-ruptured aneurysms. This 
finding indicates that NGAL might be involved in medial layer degeneration of AAA. 
Furthermore, NGAL expression in the medial layer was associated with expression 
of caspase-3, a marker of apoptosis. In a recent study NGAL was shown to play a role 
in cardiomyocyte apoptosis.29 Based on earlier results and our present findings we 
suggest that NGAL might also be involved in apoptosis of cells in the aortic medial layer. 
However, due to the observational design of the study we cannot draw conclusions on 
causality of NGAL and the investigated indicators of aneurysm development.

The relevance of the present study is that, to the best of our knowledge, for the first 
time NGAL expression is measured in ruptured AAA. NGAL expression indeed seems 
associated with AAA development, but no difference was found between its expression 
in ruptured and non-ruptured aneurysm tissue. Further, this study demonstrated that 
NGAL is increased in blood of ruptured AAA patients as compared to non-ruptured 
AAA, but blood levels were not correlated with AAA expansion rate. However, a 
possible prognostic role is still not fully elucidated and therefore future research should 
prospectively investigate NGAL plasma levels in an AAA follow up cohort to determine 
its potential as a biomarker for AAA progression and rupture.

It might be seen as a limitation that non-dilated aortas were taken from deceased 
patients and might be less representable as control tissue. However, the fact that 
levels of caspase-3 in the non-dilated aortas were higher than in the non-ruptured 
AAA indicates that proteins were not per se lost. Further, no histological evidence for 
cell degeneration was seen in the non-dilated aortas. A limitation of the study is that 
the total number of patients included might not be adequate to determine the value of 
NGAL as a circulating biomarker. Also, only one blood sample per patient was taken and 
not consecutive samples peri-operative. These limitations withhold us from drawing 
firm conclusions on the potential of NGAL as marker for AAA rupture.

In conclusion, we have demonstrated that NGAL concentration is higher in blood of 
ruptured than in non-ruptured AAA patients. Also, that NGAL expression in the AAA 
wall is higher than in non-dilated aorta and is associated with factors of vessel wall 
deterioration in the medial layer, i.e. ROS production, ECM degeneration and apoptosis. 
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Based on our study results we could not determine NGAL as biomarker for AAA 
growth or rupture. However, our findings do support a potential role of NGAL in the 
development of AAA.
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