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Preface

Contemporary treatment of patients with abdominal aortic aneurysm has become complex
and requires general knowledge from both basic science and clinical research.

Experimental studies that elucidate the process of aneurysm development, growth, and rup-
ture are improving potential conservative therapy, which is still inefficient. With the reduc-
tion of risk factors, rupture risk has diminished, but we are still lacking medical therapies to
amplify this tendency toward slower growth and rupture rate. Also, experimental and com-
puted studies are illuminating the process of aneurysm rupture, especially focusing on risk
predictors among biomechanical and biochemical factors. Wall stress, and other similar fea-
tures, derived from aneurysm geometry are crucial and their assessment is quite achievable
nowadays; however, published results are not standardized and they are difficult to interpret.

In clinical practice, preoperative assessment of patients with abdominal aortic aneurysms
has numerous challenges. The decision to treat is mostly based on risk-benefit ratio, with
periprocedural risk on one side and rupture risk on the other. Besides diameter and other
biomechanical parameters, rupture risk is determined with life expectancy and biological
capacity of the human body to reach a moment of aneurysm progression and consequent
rupture. In this regard, patients with concomitant aneurysms and malignant diseases are a
very delicate subgroup frequently facing oncological surgical, aggressive medical, and radio
therapy procedures when baring untreated aneurysm is additional challenge for treating on-
cologist . The periprocedural risk of patients with abdominal aortic aneurysm is determined
by anatomy, while aneurysms causing neck pain are one of the most frequent challenges for
both open and endovascular methods. Finally, once it is decided to treat a patient, careful
planning is crucial.

Postoperative complications, early or late, and their management are very important parts
of the everyday work of the vascular physician, fluctuating from postimplantation syn-
drome, to underestimated problems, toward detection and treatment of endoleaks and
eventual conversion.

This book, intended for all vascular physicians who are facing patients with abdominal aort-
ic aneurysms, covers all the above-mentioned problems. It was assembled by interested, in-
vited authors and contains important topics from basic research to clinical practice.

Igor Koncar, Vascular Surgeon

Clinic for Vascular and Endovascular Surgery
Serbian Clinical Centre

Belgrade Medical School

University of Belgrade, Serbia
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Chapter 1

Biomechanic and Hemodynamic Perspectives in
Abdominal Aortic Aneurysm Rupture Risk Assessment

Nikolaos Kontopodis, Konstantinos Tzirakis,
Emmanouil Tavlas, Stella Lioudaki and
Christos loannou

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76121

Abstract

Abdominal aortic aneurysms (AAAs) pose a significant source of mortality for the
elderly, especially if they go on undetected and ultimately rupture. Therefore, elective
repair of these lesions is recommended in order to avoid risk of rupture which is associ-
ated with high mortality. Currently, the risk of rupture and thus the indication to inter-
vene is evaluated based on the size of the AAA as determined by its maximum diameter.
Since AAAs actually present original geometric configurations and unique hemody-
namic and biomechanic conditions, it is expected that other variables may affect rup-
ture risk as well. This is the reason why the maximum diameter criterion has often been
proven inaccurate. The biomechanical approach considers rupture as a material failure
where the stresses exerted on the wall outweigh its strength. Therefore, rupture depends
on the pointwise comparison of the stress and strength for every point of the aneurysmal
surface. Moreover, AAAs hemodynamics play an essential role in AAAs natural history,
progression and rupture. This chapter summarizes advances in AAAs rupture risk esti-
mation beyond the “one size fits all” maximum diameter criterion.

Keywords: abdominal aortic aneurysm, rupture risk, wall stress, shear stress, wall
strength, biomechanics, hemodynamics, intraluminal thrombus, rupture potential index

1. Introduction

Abdominal aortic aneurysms (AAAs) are balloon like dilatations of the abdominal aorta with a
diameter exceeding 50% of the diameter of the normal vessel [1, 2]. These are lesions affecting

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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mostly elderly male patients and have been related to smoking and family history [1, 2]. Patients
with AAA are at risk of rupture which is the most devastating complication of this condition and
is accompanied by a striking overall mortality of approximately 80% [3, 4]. Therefore, elective
repair of AAAs is being performed to avoid the former scenario which of course, similar to any
interventional therapy, is not without its own risks. Specifically, surgical treatment of AAAs is fol-
lowed by a 34% periprocedural mortality which is reported to be as low as 1% in centers of excel-
lence but is significantly increased and can reach up to 10% in case of compromised patients [5-8].
Endovascular modalities have significantly reduced operational risks but again carry a significant
risk for renal morbidity, continuous need for surveillance with CT imaging with the associated
exposure to radiation and a considerable risk for late complications and need for re-interventions
in the long run [9, 10]. Therefore, the need for elective repair has to be cautiously balanced against
the risk of rupture in order to determine optimal therapeutic management in a patient-specific
basis. Currently, the maximum diameter criterion is being used as the sole predictor of rupture
risk and the critical determinant of the need for intervention [1, 2]. Large randomized control trials
have defined appropriate thresholds for repair which are 55 mm of diameter for male and 52 mm
for female patients [11-14]. Nevertheless, this criterion is not always accurate and may frequently
lead to therapeutic failures in the management of these patients. Specifically, in a contemporary
systematic review, rupture rates for small AAAs, under the threshold for surgical repair, have
been reported to reach 1.61 ruptures per 100 person-years [15]. Furthermore, in a more recent
report, Laine et al. examining a large cohort of ruptured AAAs indicated that a remarkable 5.6%
of men and 11.5% of women presented a maximum diameter under 55 and 52 mm, respectively,
which are the thresholds for intervention according to the European guidelines [16].

2. The maximum diameter criterion

Actually, the physical principle behind the maximum diameter criterion is the Law of
Laplace which states that the stress exerted on the wall of a pipe is proportional to its radius.
Admittedly, this law is valid for cylindrical or spherical shapes with rigid, thin walls [17, 18].
None of these perquisites is valid in the living arterial system and therefore the presumption
that maximum diameter can be used as an index to estimate wall stress exerted in the vessel
wall is an oversimplification. Specifically, the arterial wall is distensible and not rigid, it has
a variable thickness and more importantly AAAs present unique 3D geometric configura-
tions which are original to each patient, presenting myriads of shapes and variable major
and minor wall curvatures, not at all resembling simple geometrical shapes [19]. Therefore,
relevant tools have subsequently been developed in order to stimulate biomechanical condi-
tions inside AAAs and through computational modeling, calculate the stresses exerted on
the arterial wall [20]. This progressively led to the next step of AAAs rupture risk estimation.

3. Wall stress

3.1. General

Stressis ameasure of theloading sustained per unit area of the arterial wall, due to systemic pres-
surization and blood flow [21]. Pressure-induced, in-plane wall stress is orders of magnitude
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greater than flow-induced shear stress and is considered the main force that contributes to
arterial wall pressurization and the driving force leading to rupture [21]. Peak wall stress
(PWS) is the maximum value of stress throughout the surface under evaluation, in other words
the maximum stress exerted on the aneurysmal wall during systolic pressurization [22].

Stress acting on the aneurysm sac is estimated through finite element analysis (FEA) which
is a numerical method to solve the differential equations of physics [23]. According to this
process, any continuous quantity such as wall stress can be approximated by a discrete model
composed of a set of simple continuous functions. In other words, in the case of AAAs where
the complex geometry precludes a mathematical expression of the behavior of the whole sys-
tem, one can divide this into a finite number of elements and then study the behavior in a
single element or sub-region level. Since these elements have a small size and a simple geo-
metric configuration, the description of their behavior is straightforward. Subsequently, the
whole system can be resembled through the description of the behavior of all the elements
taken together, since these collectively approximate the shape of the system [23].

In order to perform FEA, information regarding the boundary conditions, the material’s con-
stitutive law (stress-strain relationship) and its geometric configuration are required. Then
the 3D geometry is loaded with a fixed or patient-specific value of systemic pressure and the
mathematical problem is solved taking into account the equations of mechanical equilibrium
and conservation of momentum [24].

Another approach is to apply a non-uniform pressure taking into account the pattern of
pressure changes and the wall motion during the cardiac cycle. This is called fluid structure
interaction (FSI) and provides a more realistic pressure distribution along the AAA lumi-
nal surface. Despite being more physiologically sound, such an approach needs increased
computational complexity and thus it has not yet been determined if the benefit regarding
the accuracy of the results justify the additional burden of complex calculations [25, 26].
Additionally, due to the lack of subject specific wall material properties, its superior accuracy
remains a universal question.

Regarding the index geometry, initial studies considered simple representations of AAA
shapes which mostly resembled standard geometrical shapes, rather than the complex con-
figuration of real AAAs. Stringfellow et al. as early as 1987 used simple 2D geometries and
indicated that aortic size was important in determining wall stress which was also dependent
upon aneurysm wall thickness. Maximum longitudinal wall stress was located at the site of
aneurysm’s maximum diameter [27]. Mower et al. suggested that doubling the diameter of the
2D AAA model resulted in a proportional increase in wall stresses, while the same result was
observed in case the wall thickness was reduced in half [28]. Inzoli et al. studied the influence
of intraluminal thrombus (ILT) in the wall stress, indicating that this may reduce maximum
stress values by up to 30% [29]. Others indicated a significant effect of AAA shape to magni-
tude and distribution of stress [19]. Actually, the influence of other geometric variables such as
vessel asymmetry was found to be similarly important to that of maximum diameter, indicat-
ing that similar sized AAAs may in fact present significant differences in wall stresses [30].

With the rapid progression of imaging techniques and computational modeling, the reconstruc-
tion of patient-specific rather than idealized anatomies became feasible. Various techniques and
softwares were developed in order to post-process medical images and reconstruct individual
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anatomies, from simple axial 2D CT images to complex patient-specific AAA models. The pro-
cess of AAA 3D reconstruction and estimation of wall stresses is displayed in Figure 1.

3.2. PWS and rupture risk

Fillinger et al. were the first to indicate that PWS was significantly higher in AAAs that needed
emergent repair (ruptured and symptomatic) compared to those that were electively repaired,
while no significant differences in maximum diameter or blood pressure were found [31]. In
a subsequent study, these authors recorded AAAs progression over time and indicated that
baseline PWS was significantly higher in cases that went on to develop symptoms and require
urgent treatment compared to those that did not. Despite that baseline diameter was also signif-
icantly different between these groups, PWS was far more accurate in predicting adverse out-
comes [32]. Other authors confirmed the findings that ruptured AAAs present a significantly
higher PWS compared to intact cases [31-44]. These data are summarized in Figures 2 and 3.

3.3. PWS and rapid growth

Apart from rupture risk, there are data in the literature to suggest that high PWS may be related
to a rapid AAA expansion, as well. Speelman et al. studied 69 paired CTs of AAAs and found
that a relatively low AAA wall stress was associated with a lower aneurysm growth rate [45].
The same authors in a subsequent study suggested that AAA growth may be driven rather
by ILT accumulation and not PWS. Specifically, in the group of AAAs with rapid growth, a
greater ILT volume was recorded along with a lower PWS. Of course, ILT has been found to
reduce stresses exerted on the aneurysmal wall which is the reason why many suggest a bio-
mechanical cushioning effect of this structure, which is discussed later [46]. The contradicted
data of the two abovementioned studies could be explained by the fact that in the first, the
authors did not take into account the presence of ILT during PWS estimation. Others have
demonstrated that concentrations of high stresses in the region of the aneurysm shoulder may
result in a rapid growth rate. Specifically, baseline AAA shoulder stress was higher in patients
with fast growth compared to those with slow and presented a strong and significant cor-
relation with growth rate, whereas AAA diameter did not display any significant effect [47].

Wall Stress
Mesh

2D CT Images

Figure 1. The process of biomechanical analysis is displayed. From 2D CT images, with manual or automated
segmentation, 3D AAA models are reconstructed. Then a mesh is constructed and finite element analysis is performed.
The final map of wall stress distribution is finally obtained.
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Figure 2. Metanalysis of the studies examining PWS in ruptured and intact AAAs. A consistent finding is that ruptured
cases present significantly higher values of PWS compared to elective cases. The high heterogeneity between studies
is due to differences in methodology (differences in assumptions for FEA, loading of the AAA model with patient-
specific or standard values of pressure, inclusion of ILT in the final model, etc.). In many of the studies there were
significant differences in maximum diameter between ruptured and intact AAAs which could have confounded results.
This metanalysis has been performed by the authors for the purposes of this chapter only and has not been published
elsewhere.
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Figure 3. Metanalysis of the same outcome as in Figure 2. Only studies which performed matching for maximum
diameter or in which differences were not significant are included. The results are similar with the overall comparison,
so PWS seems superior to maximum diameter in differentiating ruptured from intact AAAs. This metanalysis has been
performed by the authors for the purposes of this chapter only and has not been published elsewhere.
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Figure 4. Lateral, posterior and anterior views of the stress distribution in two AAAs are displayed. Case in the first
row presented a rapid growth rate while that in the second a much slower one. The difference in stress distribution can
be observed. In the rapidly growing AAA high stresses are concentrated in the posterior wall, while in the case with
relatively stable size, this is more uniform. According to Metaxa et al. [48] higher posterior wall stress may foretell a
potential for rapid expansion.
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Shang et al. in a contemporary study also indicated that there is a strong and statistical signifi-
cant correlation between PWS and AAA growth rate. This is a particularly important finding
since rapid growth has been shown to foretell a high rupture risk. Therefore, a high baseline
PWS could identify lesions in risk for such adverse outcomes [48]. Moreover, Metaxa et al.
divided their patient cohort into fast and slow growth rate subgroups and observed a sig-
nificant variability in the distribution of stresses along the AAA surface: the fast growth rate
group presented significantly higher wall stresses in the posterior portion of the AAA sac
compared to the slow growth rate group [49]. Interestingly, they did not record any signifi-
cant differences in the PWS between those groups. A representative example is presented in
Figure 4. Finally, Martufi et al. studied a cohort of AAAs taking into account the baseline and
a follow-up CT scan and quantified regional growth by dividing the two 3D AAA models
in 100 cross sections and registering each section of the initial phase with the corresponding
one from the final state. They indicated that for the aortic wall not covered with ILT, the local
growth rate was strongly related with the local values of wall stress. The high stress sensitiv-
ity of non-dilated aortic walls suggests that wall stress could initiate AAA formation and
expansion [50].

4. Wall strength

According to the biomechanical approach, rupture of AAAs follows the basic principles of
failure applying in any given material. Therefore, material failure occurs when the mechani-
cal stress exerted on that material surpasses its strength. Accordingly, rupture depends on the
pinpoint comparison of the wall stress and strength for every point throughout the aneurysmal
surface. Therefore, and taking into account that a significant regional variation of mechanical
properties and strength of the AAAs’ wall has been shown, a means to quantify the local arte-
rial wall strength non-invasively and provide a map of its distribution similar to that of wall
stress was required in order to provide a sound biomechanical rupture risk estimation [51].
Vande Geest et al. in a landmark study that they published in 2006 recorded several demo-
graphic and morphometric information of AAA cases and identified significant predictors of
wall strength values by relating those to the tensile testing of surgically procured AAA wall
specimens. Using this methodology, a four-parameter statistical model was developed, in
which the significant predictors that were included were sex, family history, ILT thickness
and normalized transverse diameter. Demonstrative application of the model resulted in an
original, complex distribution of wall strength over the aneurysmal surface [52].

STRENGTH = 71.9-37.9 x (ILT1/2-0.81) - 15.6 x (NORD - 2.46) (1)
-21.3xHIST +19.3 x SEX

These authors also suggested a new biomechanical index to estimate rupture risk which was
the Rupture Potential Index (RPI). This integrated information about wall stress and strength
and was basically the stress:strength ratio for any given point of the aneurysm wall. This
ranged from O (low stress exerted in aneurysms with high wall strength) to 1 (high stress
exerted in AAAs with low wall strength). Figure 5 illustrates color maps for the distribution
of wall stress, wall strength and RPI in a patient-specific AAA model. Subsequently, the same
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Strength

hW

Figure 5. A patient-specific AAA model is presented where distribution of stress, strength and RPI can be seen. It can be
observed that a weak region (decreased strength) at the site of maximum diameter results in a comparatively high RPI
value, while at the same site a low stress value had been recorded. The implementation of strength in biomechanical
calculations with the introduction of RPI seems superior than using wall stress alone.

authors compared between a small cohort of ruptured and non-ruptured AAAs indicating
that RPI was superior in differentiating these groups than PWS alone. Due to small sample
size, statistical significance was not reached. Other studies that included this marker in the
biomechanical estimation of AAAs rupture risk consistently showed that RPI could improve
risk prediction. Gasser et al. examined a diameter-matched cohort of 18 intact and 16 ruptured
AAAs and indicated that both PWS and RPI were significantly higher in the former group
of patients. Similar results were obtained when cases were matched for maximum diameter
and blood pressure values. Overall, these authors suggested that RPI reinforces PWS as a
biomechanical rupture risk index [39]. In a larger population including 203 intact and 40 rup-
tured AAAs, the same authors indicated that both PWS and RPI were significantly different
between groups and that a linear relation existed between PWS and maximum diameter,
while an exponential one fitted the relation between RPI and maximum diameter [41]. Erhart
et al. analyzed CTA data from 13 asymptomatic AAAs experiencing rupture at a later stage
who had imaging during the time of rupture as well. FEA was performed to calculate PWS
and RPI and identify location of those values in the pre-rupture state. A statistical compari-
son was performed between the pre-rupture state and that at the time of rupture. Moreover,
this group was compared with a 23-patient diameter-matched asymptomatic AAA control
group that underwent elective surgery. The AAAs that subsequently went on to rupture dis-
played significantly higher values of RPI at the pre-rupture state compared with the diameter-
matched group of asymptomatic AAAs, while the differences of PWS were not significant.
Regarding in-group comparisons between the AAAs at the pre-rupture state and at the time
of rupture, again RPI displayed significant differences, while PWS alone did not [44]. Overall,
according to published data, RPI seems to advance rupture risk estimation and provide a
more accurate biomechanical prediction compared to PWS alone. Studies examining RPI are
summarized in Table 1.

9
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N RPI P-value Dmax Conclusions

Intact Ruptured Intact Ruptured

Vande 5 8 036 048 0.10 Similar The peak RPI may be better identify
Geest those AAAs at high risk of rupture
[52] than maximum diameter

or peak wall stress alone

Gasser 16 18 0.61 0.84 0.016 Matched RPI reinforces PWS as a

[39] Dmax biomechanical rupture risk index.

Maier 30 23 033 047 <0.001 No In the diameter range where

[40] surgical indication is not obvious,
13 12 032 047 0.009 Matched the RPI holds great potential for

Dmax improvement of clinical decisions.
Gasser 203 40 049  1.03 <0.001 No From different FEA parameters
[41] RPI distinguishes most precisely

between asymptomatic and
symptomatic AAAs. If elevated,
this value may represent a negative
prognostic factor for asymptomatic

AAAs.
Erhart 30 15 046 083 <0.001 No From different FEA parameters
[43] RPI distinguishes most precisely
between asymptomatic
and symptomatic AAAs.
Erhart 23 13 0.5 0.7 <0.001 Matched The location of the RPI predicted
[44] Dmax future rupture sites in several

cases. RPI is superior than PWS in
identifying cases that will go on to
rupture.

Table 1. Studies that examine RPI during biomechanical analysis are presented, along with absolute values and statistical
significance of the differences between intact and ruptured cases and main authors’ conclusions.

5. Equivalent diameters

Despite the fact that the abovementioned data provide consistent evidence of the superiority
of stress and stress/strength calculation over the maximum diameter criterion for the evalu-
ation of AAAs rupture risk, clinical applicability of these findings remain limited. A possible
explanation could be the complexity of the process along with the requirement of sophisti-
cated software, increased computational time and specially trained personnel. Indeed, com-
putational modeling and mathematical algorithms that may be required in order to perform
biomechanical calculations are often puzzling and confusing to clinical doctors. In order to
deal with this problem and translate biomechanical indices into a more relevant clinical vari-
able, the concept of “equivalent diameters” has been recently introduced. According to this
approach, the PWS and RPI values are determined from a reference population of intact AAAs
and these are plotted against the maximum diameter to obtain a graphical representation of
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Figure 6. A graphical representation of the concept of equivalent diameters is presented. According to that, the equivalent
diameter is determined based on the PWS or RPI value of a given AAA which is related to the diameter of the average
AAA with similar PWS or RPI values. For example, it can be seen from these figures that two AAAs with the same
maximum diameter, may present large differences in their equivalent diameters depending on biomechanical analysis.

their relationship. Subsequently, the values of PWS and RPI for any given AAA are related to
those of an average AAA and the diameter of the latter is nominated “equivalent diameter”.

For example, a 45 mm AAA could correspond to a stress equivalent 65 mm AAA, if a higher
PWS or RPI is calculated. The concept of equivalent diameters relates results of biomechanical
analysis to currently accepted diameter thresholds being determined from large clinical AAA
trials, and hence manifests a sound clinical interpretation of biomechanical results [41]. The
number of studies that have used this concept remains limited at the moment, but a consistent
finding of larger equivalent diameters in ruptured compared with intact AAAs even when
diameter matching was performed has been consistently reported [41, 43, 44]. As already
mentioned, the relation between the maximum diameter and PWS is a linear one while that
between diameter and RPI is exponential. This is because while stress is expected to increase
as a function of diameter, in the case of RP], strength has been shown to decrease as a result of
an increased diameter too. Therefore, in that instance, a larger aneurysm size results in both
higher stress values and lower strength values which are displayed in the exponential form of
the relation between the RPI and the maximum diameter. A graphical representation of this
concept is presented in Figure 6.

6. Wall shear stress

The wall shear stress (WSS) is the tangential force acting on the arterial wall due to blood flow.
This traditionally had been considered to play a negligible role in AAAs expansion and pro-
gression to rupture for several reasons. Specifically, not only AAAs almost universally contain
ILT which acts as an impediment between the blood flow and the endothelial layer of the arte-
rial wall, but also it has been suggested that AAAs mostly lack a proper intimal layer that would

11
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be affected by shear stress [20]. More importantly, the flow-induced shear stress acting on the
AAA wall is orders of magnitude smaller than the in-plane pressure-induced wall stress, which
until recently was believed to be the only force that could impair structural integrity of the wall
leading to rupture. Specifically physiological values of wall stress is about 10* orders higher
than WSS (wall stress is measured in 10* Pa, whereas WSS in Pa) [53].

Nevertheless, lately there have been data in the literature, to indicate a role of WSS in the nat-
ural history of AAAs. The main variable that seems to be related to WSS is the accumulation
of ILT. Specifically, it has been suggested that ILT deposition has a significant negative rela-
tion with WSS. In other words thrombus tends to accumulate in regions where WSS is mini-
mal. WSS typically ranges from 1.5 to 4 Pa [53]. Tzirakis et al. used longitudinal data for AAA
patients and related initial hemodynamic parameters with subsequent ILT accumulation dur-
ing follow-up, using an original technique that divided AAA surface into patches, in order to
achieve registration between the initial and the final state. They indicated that a low local WSS
was related with later ILT formation, with a value <0.5 Pa be indicative of a higher probability
for thrombus deposition [54]. Representative AAA cases are presented in Figure 7. Similarly,
Arzani et al. examined the relationship between changes in ILT and hemodynamic indices at
mid-aneurysm cross section and suggested that thrombus growth mainly occurred in regions
where WSS displayed values between 0.2 and 0.3 Pa [55]. To provide an answer to the obvi-
ous contradiction that intracranial saccular aneurysms, despite presenting low WSS, almost
never exhibit thrombus accumulation, Gasser et al. suggested that initial platelet activation
inside a proximal recirculation zone, such as the aneurysm neck, where relatively high-shear
stresses act long enough to activate platelets, must precede their convection toward the wall
at the distal portion of the sac, in order to initiate the cascade that ultimately results in ILT
deposition [56]. Moreover, the rate of ILT accumulation has been reported to be similar to that
of AAA expansion, while AAAs with thrombus exhibited a significantly faster enlargement
compared to those without, with the former group presenting lower values of WSS. These
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Figure 7.Initial hemodynamics (Time Average Wall Shear Stress-TAWSS, Oscillatory Shear Index-OSI, Relative
Residence Time-RRT) and thrombus deposition thickness at follow-up for two cases. Adapted with permission from
Tzirakis et al., [54].
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findings imply a causal relation between low WSS and rapid AAA growth which could be
mediated by the accumulation of ILT [57]. Finally, a recent study indicated that WSS inde-
pendently predicted the growth of AAA volume and these investigators suggested that since
aneurysmal wall lacks endothelial cells, blood flow properties could only indirectly influence
AAA growth through stimulation of the biochemical environment within the ILT [58].

In fact, ILT has been suggested to play an active role in AAAs’ natural history. Most researchers
believe that it has a negative effect through its proteolytic activity and promotion of inflamma-
tion. ILT thickness has been associated with vascular smooth muscle cell apoptosis and elastin
degradation, while it is positively associated with the concentration of proteolytic enzymes in
the underlying wall [59]. Moreover, segments of the AAA sac under a thick layer of ILT have
been recorded to be hypoxic and present significantly more neovascularization compared to
those covered by no or minimum ILT. More importantly, regions of thicker ILT presented a
decreased wall strength, which could make them more susceptible to rupture [60]. Additionally,
there are longitudinal and computational AAA studies that also suggest a negative effect of ILT
in AAAs progression. Speelman et al. recorded a higher growth rate in AAAs containing larger
amounts of ILT despite the fact that those presented significantly lower values of PWS [46]. In
a contemporary study which recorded regional growth of AAAs, it had been demonstrated
that the local growth was positively related to local values of wall stress only in cases where
ILT was absent. On the other hand, in the presence of ILT, local growth was dependent on local
ILT thickness but not wall stress [50]. Therefore, these data may imply that ILT plays a more
imminent role in AAAs progression than wall stress. Additionally, it has been suggested that
larger ILT deposition may be related to AAA expansion, rupture and even with cardiovascular
events [61-63]. On the other hand, it should also be mentioned that biomechanical analysis has
demonstrated a cushioning effect of thrombus which acts as a buffer reducing stresses exerted
on the wall. Many studies have examined this effect recording a reduction in PWS values up
to 30% [64]. Therefore, there is wide consensus that ILT should be included in computational
simulations in order to have a realistic and accurate estimation of stress magnitude and distri-
bution. Additionally, while there is general agreement that ILT plays an active role in AAAs
progression, not being an “innocent bystander” its exact role is still debatable, but most evi-
dence points to a negative overall effect of ILT. All in all, taking into account the definitive role
of ILT in AAAs progression and its well established relation with the shear stresses and the
overall hemodynamic environment inside the aneurysm sac, a significant impact of hemody-
namic forces in the AAAs’ natural history has started to become evident.

7. Clinical implications

All the abovementioned indices and diagnostic methods point toward developing a predic-
tive model that will be able to estimate AAAs rupture risk in an individualized, patient-spe-
cific basis. This would allow identification of patients with small AAAs presenting a higher
than average rupture risk, thus being suitable for prompt elective repair at a lower diameter,
but also those with larger aneurysms and low rupture potential who would benefit from con-
servative treatment. Subsequently, optimization of patients’ management with the selection
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of the most appropriately suited treatment (i.e. conservative or interventional/surgical) for
each patient would reduce rupture rates of AAAs at the same time obviating unnecessary
procedural risks of patients that do not actually need to undergo surgical intervention. A
new promising tool that will probably receive much attention in the near future and will
have an upgraded role in AAAs’ diagnostics is ultrasonography which is a cheap and readily
available bedside imaging modality which has recently been used to estimate biomechanical
variables of AAAs with promising results [65].

8. Limitations

Despite the fact that biomechanical analysis seems to have advanced rupture risk predic-
tion which is a consistent finding of all relevant studies, this approach is not without limita-
tions. Specifically, the stresses and strains which are obtained are dependent on several model
assumptions taken into account during FEA. For example inclusion or not of the ILT, consid-
eration of the arterial wall as isotropic or anisotropic, linear or non-linear material properties,
consideration of the pre-stress state as well as accuracy of the 3D reconstruction, meshing
and number of finite elements used, all can have a great influence on calculated values. As
a consequence, interpretation of results in many studies can be difficult since these are often
not comparable. Differences in PWS due to different model assumptions can be up to 210%
in extreme cases. Overall, in order for comparisons between individual reports to be valid,
information about preconditions and model assumptions should be provided [26]. Moreover
the need for special software and/or highly trained special personnel to make these complex
calculations along with the fact that data are not directly comparable with information from
randomized trials which have taken into account the maximum diameter criterion alone limit
applicability of biomechanical analysis in the every-day clinical practice.

9. Conclusion

Despite the fact that currently therapeutic management of AAAs is based on the maximum
diameter criterion, there is evidence that this can often be inaccurate. New methods have
been developed in order to advance rupture risk estimation. Biomechanical indices of wall
stress and rupture potential index have been consistently shown to be superior to maximum
diameter in this regard. The concept of equivalent diameters may provide a comprehensive
means to translate results of biomechanical analysis into a simple clinical index which may be
appropriate for use in a clinical setting. An important role of hemodynamic conditions which
can have a significant effect on AAAs progression, mainly through its relation with ILT accu-
mulation, has recently started to become evident as well.
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Abstract

Abdominal aortic aneurysm (AAA) is a potentially fatal disease and survival rate is very
low when rupture occurs. Experimental models related with abdominal aortic aneurysm
are performed on intact and ruptured aneurysm (RAAA) models. By using AAA models;
complex mechanisms of aneurysm formation, aneurysm progression, chance of rupture,
preventative and treating methods are researched. Most commonly used methods for
creating aneurysm are utilization of transgenic or knockout animals; intra/extraluminal
pharmacologic treatments such as elastase, calcium chloride or angiotensin II; hyperlip-
idemic diet application and surgical interventions such as xenograft, stenosis or graft.
Pathogenesis of aneurysm is predominantly examined on rodents whereas studies aimed
at development of treatment modalities such as surgical or endovascular interventions
are predominantly performed on large animals like rabbit, porcine or dog. Experimental
studies modeling aneurysm rupture (RAAA) simulate shock (total hypoperfusion)
occurred due to rupture and ischemia/reperfusion (I/R) occurred due to surgical treat-
ment; without creating aneurysm. In this model, end organ or distal organ injuries and
methods for reducing these injuries or their hemodynamic effects are investigated by
creating shock +I/R.

Keywords: abdominal aortic aneurysm, ruptured abdominal aortic aneurysm,
experimental models, elastase, rat

1. Introduction

Abdominal aortic aneurysm is a degenerative disease characterized by structural degenera-
tion and progressive dilatation in aorta wall. Progressive increase in arterial diameter results
with rupture which is a life-threatening condition. Only 50% of cases with ruptured aneurysm
can reach to hospital and 30-50% of these patients dies in hospital. It is an important health
problem which has been seen in 5-9% of men and 1-1.3% of women aged 65. It is 10th cause
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of death in developed countries and its incidence increases as population ages. However,
complex and multifactorial pathophysiology of AAA has not been thoroughly understood [1].

Many animal models have been developed for understanding pathophysiology of AAAs and
developing treatment models. It has firstly been incidentally observed by Ponseti IV et al. in
1952 that medial necrosis, dissection and aneurysm formation occurred after a special diet.
Abdominal aortic aneurysm has been created with different techniques in many different
models, its pathophysiology and drugs for preventing aneurysm formation have been inves-
tigated [2].

Among these models, most effective models developed for learning disease progression are
elastase-based models performed on small animals. Large animal models have been required
for endovascular or current surgical treatment methods, many surgical models like saccular
or aortic patch have been developed. Most commonly used models among many different
AAA animal models, difference between models and their applications will be explained in
this chapter [3].

2. Pathogenesis of abdominal aortic aneurysm

In this section, pathogenesis of aneurysm will be briefly reviewed for clarify the development
mechanism of experimental models of abdominal aortic aneurysm (AAA).

2.1. Building stones of aortic wall
2.1.1. Elastin and collagen

Two major building stones of aortic wall are elastin and collagen. Elastin is a structural protein
produced by fibroblasts. Collagen is a solid, insoluble and fibrous protein which is majorly
produced by fibroblasts and also produced by cells like chondroblast and osteoblast. Elastin
is the major lifting structure against aneurysm development whereas collagen is the safety
barrier which is resistant to high pressure and which provides protection against rupture
after aneurysm is occurred. Degeneration of elastin and collagen results with aneurysm and
rupture. Some studies revealed that these two proteins are reduced in intima and media lay-
ers of aneurysmatic aortas [4].

Presence of various mechanisms in development of AAAs which has been known as pro-
gressive dilatation of aortic wall has been well-recognized. Most important one of all factors
causing degeneration in aortic wall is altered homeostasis between matrix synthesis and deg-
radation due to inflammation. Adventitial and medial inflammatory cell infiltration, elastin
fragmentation and degeneration, medial attenuation are observed during aneurysm develop-
ment [5].

Collagen synthesis in the media and adventitia layers (especially type I and III) increases
in favor of repair during first stages of aneurysm formation, then it becomes excessively
degraded like other extracellular matrix macromolecules such as elastin during late stage
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and causes aortic rupture. Inflammatory cells like polymorphonuclear neutrophils, T cells,
macrophages, mast cells, NK cells are present in all layers of aneurysm wall and intraluminal
thrombus. These cells secrete various humoral-inflammatory factors like cytokines, chemo-
kines, leukotrienes, reactive oxygen species (ROS) and immunoglobulins. Inflammatory cells
enter to aortic intima and media layers through vasa vasorum vessels. Neovascularization
and decreased number of smooth muscle cells in medial layer are typical features of aneu-
rysm. Intraluminal thrombus causes functional hypoxia in luminal intima and media layers,
therefore neovascularization and inflammation increase. Also, inflammatory cells in throm-
bus secrete active proteases like matrix metalloproteinase (MMP-9) and urokinase-type plas-
minogen activator (u-PA). Therefore, AAAs occur as a complex pathology consisted of many
cellular and humoral mechanisms like inflammatory cells, various enzymes and complement
system [6].

2.1.2. Cellular and molecular mechanisms
2.1.2.1. Proteases

Elastase is a group of serine endopeptidases which catalyzes degradation of elastin and other
proteins to simpler molecules; breaks polypeptide chains in the bonds including carbonyl
group of amino acids; and is secreted from neutrophils and macrophages. a-1 antitrypsin is
a protease inhibitor and it suppresses elastase activity and protects the tissue from inflam-
mation. Elastase levels have been found to be high in ruptured aneurysms whereas a-1-
antitrypsin levels have been found to be low [7].

Matrix metalloproteinases (MMPs) are homolog peptidases which contain zinc in their active
region; and can degrade extracellular matrix and basal membrane components. They are
enzymes playing role in physiological processes like tissue regeneration, morphogenesis and
wound healing.

Tissue inhibitor of metalloproteases (TIMPs) are antiprotease enzymes. MMPs secretion
degrades structural proteins of aortic wall. Impaired balance between MMPs and TIMPs plays
an important role in development of acute and chronic cardiovascular diseases. Important
MMPs which play an important role in development of AAA are MMP-1, -2, -3, -9, -12 and -13.
There have been inadequate evidence for other MMPs; however, it has been stated that
MMP-3 plays a very important role for AAA [8]. Elastin degradation and extracellular matrix
loss in addition to destruction of smooth muscle cells via MMPs cause media layer thinning
and aortic dilatation. Especially in enlarged aneurysms, intraluminal thrombus along with
local inflammation and proteolysis occurs. Local hemodynamic forces and weakened vessel
wall increases aneurysm enlargement. If wall stress exceeds tensile strength; rupture occurs.
Inflammation, matrix remodeling and neovascularization reduce tensile strength [9].

Others are serine proteases, tissue plasminogen activators (t-PA, u-PA), plasmin, neutrophile
elastase, cysteine protease (cathepsin D, L, K and S); also cysteine and serine proteases have
been shown in all AAAs. Concentrations of dipeptidyl peptidase which is a lysosomal cyste-
ine protease, is found normal at aneurysm wall or abundant in stenotic arterial walls when
neutrophile elastase and other proteases are activated [6, 10].
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2.1.2.2. Phospholipids

Phospholipids play an important role in cell membrane structure; also they have been known
as very important inflammatory mediators. 5-lipoxygenase (5-LO) and leukotriene C4 syn-
thase levels have been found high in human AAA tissues [11]. Association between AAA
and cyclooxygenase (COX) and its sub-component prostaglandin E2 (PGE2) has been dem-
onstrated, indometacin which is a non-selective COX inhibitor has been shown as preventing
AAA created with elastase in rat [12]. PGE2 has been shown to activate IL-6 secretion of
macrophages in studies performed on human aortic tissue or aortic smooth muscle cells [13].

2.1.2.3. Inflammatory cells

Most commonly seen inflammatory cells among many inflammatory cells identified in AAA tis-
sue are macrophages and it has been known that they play an active role in aneurysm formation
by many macrophage-mediated inflammatory responses [11, 14]. T and B lymphocytes have
also identified in AAA tissues and functional insufficiency of CD25+ T regulator cells in AAAs
patients has been reported [15]. Neutrophils have been identified in both human AAAs and
animal aneurysm models, also L-selectin which is an adhesion molecule has been shown as an
important mediator in AAA formation created with elastase in rats. Neutrophil depletion in mice
with aortic perfusion of elastase led to attenuation of AAAs [16]. In addition, mast cells have also
been identified in human AAA tissues and animal models. These cells secrete many proteases
and inflammatory mediators which play role in inflammation and immunity. It has been shown
that mast cell insufficiency in rat and mouse models decreases aneurysm formation [17].

2.1.2.4. Complement system

Complement activation is an immune response started with classic antigen—-antibody reac-
tion, lectin pathway or alternative C3 hydrolysis pathway. Factor B is the most important
component of alternative pathway whereas C4 is the most important component of both
classic and alternative pathway. Factor B insufficiency decreases the development of AAA
created by elastase in rats [18].

2.1.2.5. Cytokines and chemokines

Cytokines regulate expressions of matrix metalloproteases (MMPs), serine proteases and
cathepsin.

Without a doubt, tumor necrosis factor (TNF)-a has a very important place among many
cytokines and chemokines which are related with inflammatory response. Increased plasma
and tissue TNF-a levels have been found in AAA patients. Genetic or pharmacological (with
infliximab) TNF-a inhibition has been shown to decrease calcium chloride-induced AAA for-
mation in rats [19].

Another cytokine which plays an important role in inflammatory process is transforming
growth factor (TGF)-{. This cytokine acts as a protector from inflammation and cell death. It
has been shown that systemic blockage of TGF-f activity causes smooth muscle cell death,
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elastin degradation and vascular inflammation in AAAs created with angiotensin II in hyper-
cholesterolemic rats with genetic tendency [20, 21].

2.1.2.6. MicroRNAs

MicroRNAs are small and single-stranded RNA molecules which directs genes and complex
pathophysiologic events in many diseases; and a few of them have been known to contribute
AAA development. It was found that miR-29b which is one of 3 miR-29s (miR-29a, miR-29b
and miR-29¢) of MicroRNA family is increased in AAA tissues [22]. Another mediator respon-
sible for smooth muscle cell proliferation and apoptosis in aneurysm tissue is miR-21; and its
overexpression prevents aneurysm formation whereas its inhibition increases [23].

2.1.2.7. Gender-dependent mediators

Male gender is an important risk factor AAAs in humans. In pharmacological aneurysm cre-
ation models of animals, it was observed that aneurysm expansion is more in males and pro-
tection from aneurysm disappeared when female aortas are transplanted to males whereas
aneurysm diameter reduces when estradiol is given to male rats [24].

2.2. Hemodynamic effects

Hemodynamic forces defines kinetic energy applied on arteries and veins by blood flow.
Vascular endothelial and smooth muscle cells are constantly exposed to dynamic effect of
blood flow during blood circulation. Three important hemodynamic components play role in
AAA pathogenesis.

1. Hydrostatic pressure, perpendicular force acting on the vascular wall.
2. Wall shear stress (WSS), tangential force exerted by moving blood along the axis of flow.

3. Tensile hoop stress, the stress in the aortic wall acting circumferentially and produced by
the resulting pressure [25].

It is well-known that AAA pathophysiology involves many factors as biological, biochemical
and biomechanical processes. Although biochemical and biological factors are well-defined in
AAA, role of biomechanical factors in AAA pathology is still poorly understood.

Altered flow types (turbulence etc.) may contribute aneurysm development by injuring arte-
rial endothelium and increasing progression of arterial wall degeneration. Flow oscillation
areas and areas with extreme shear stress are correlated with atherosclerosis development in
aorta. Flow types in AAA have been demonstrated as smooth and laminar or irregular and
turbulent; however, effects of wall shear stress on aneurysm is still poorly known. Geometry
of the aneurysm sac and surrounding vasculature (including existence, size and symmetry of
branches arising near the aneurysm) as well as position of the aneurysm sac relative to parent
vessel affect intraaneurysmal flow [25, 26].
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Coarctation increases hemodynamic stress on the aortic wall and alters flow dynamics. In
some studies, it was shown that hemodynamic stress facilitates AAA predisposition and
flow alterations significantly affect arterial lumen diameter. Also, poststenotic dilatation was
detected at the area of oscillatory shear stress distal to the cast in some studies [27].

3. Intact aneurysm models

Various experimental models have been used for creating abdominal aneurysm. Pharma-
cological methods, xenograft, large animal models are a few of them. Most commonly used
pharmacological methods are methods like intraluminal elastase, periaortic calcium chloride
application, systemic angiotensin II infusions. Application of these models in rodents will be
explained in detail in a different chapter. It is briefly presented in this part.

3.1. Elastase model

Elastase is a member of serine proteases. Its endoluminal infusion alters the normal structure of
tunica media by causing elastic fiber destruction. It stimulates receptors which are activated by
protease in the smooth muscle cells on the aortic wall; therefore inhibits Ca?" inflow required for
vascular contraction. This inhibition of smooth muscle contractions causes aortic dilatation [28].

As the response to acute elastase damage, elastic lamellae become fragmented by the leucocytes
invading media layer; then formation of intraluminal thrombus (ILT) starts due to endothelial
injury. This process promotes aneurysm growth by causing release of endogenous proteases acti-
vated by fibrinolytic system, activation of MMP-2, secretion of urokinase and leucocyte elastase.

This model can be utilized on animal species like rat, mice, hamster and rabbit (Figure 1). It
can also be applied on larger species like dogs; however, intra-aortic perfusion, aortic balloon
angioplasty and simultaneous collagenase infusion may be performed for avoiding problems
caused by high dose of elastase infusion [28, 29].

Waiting period is approximately 7-14 days after the elastase infusion in rodents. An increase
over 300% in aortic diameter in first week has been observed in this model. If rupture is not
occurred in first week, stabilization is occurred at 2-3 weeks due to mesenchymal cells colo-
nized into intraluminal thrombus (ILT) and fibrosis.

Generally, aneurysm development is completed in this time period, also histopathologic changes
on aortic wall at the level of cellular and inflammatory levels are arised along with mechanic
dilatation occurred in first week. Relaparotomy is performed at the end of these durations, aortic
measurements are performed and aorta tissue is excised for histopathologic examinations [30].

3.2. Calcium chloride model

Local CaCl, is applied on adventitial layer without direct intervention to abdominal aorta
in this model which has firstly been designed for developing aneurysm on rabbit carotid
artery. Therefore, it is technically easier than intraluminal elastase infusion model. In this
model which has especially been used in rats, a CaCl,-impregnated gauze is directly applied
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Figure 1. Intraluminal elastase infusion in rat abdominal aorta.

to infrarenal aorta. Calcium ions have high degree of affinity to elastin. After application,
ionized calcium intracellularly turns into calcium phosphate (CaPO,) due to alkaline phos-
phatase activity from vascular smooth muscle cells (vSMC) and this compound precipitates
as hydroxyapatite crystals in elastin fibers, causing their mechanical degradation. In some
models, this process is accelerated with applying local phosphate-buffered saline (PBS)
after CaCl, application. It has also been known that human aneurysm wall calcification is
caused by these CaPO, crystals. Aortic dilatation in CaCl, model increases with time and it is
caused by progressive infiltration of mast cells and T lymphocyte to adventitia layer. Vascular
smooth muscle cells disappear due to calcification and fragmentation in elastic fibers and they
are replaced by neutrophils [27]. Most important aneurysm formation mechanisms of CaClI,
application are medial degeneration and leucocyte infiltration. Endoluminal and intramural
thrombus are not seen in these type of aneurysms, also rupture chance is very low. Although
it is mostly used in mice, it can also be applied on rats and pigs [31].

3.3. Elastase and calcium chloride combined model

It has been developed by Tanaka. In this model, CaClI, application is performed around the
aorta while intraluminal elastase infusion through femoral artery is being given. CaCl, -
impregnated gauze is applied around aorta along with 30 U elastase infusion into aorta
(Figure 2). Total duration is 20 minutes. Elastase infusion duration is decreased from 120
to 20 minutes. In this model, it has been reported that no atherosclerosis and intraluminal
thrombus occurs and it can easily be performed [28].
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Figure 2. Intraluminal elastase infusion and adventitial CaCl, application.

3.4. Angiotensin II (AngII) model

In this model, intravascular infusion and aortic exploration are not performed. It is the most
easily performed aneurysm model on mice. It has been firstly described by Daughtery at 2000.
It is only used on mice and it is the most frequently used method on this species.

Angiotensin I is a potent vasoconstrictor octapeptide. It is produced from angiotensin I after
the removal of two amino acids at the C-terminal by angiotensin converting enzyme. It main-
tains blood pressure and body fluid/sodium balance by causing construction of blood vessels.

It has been shown that continuous infusion of angiotensin II causes vascular remodeling;
especially causes atherosclerosis in transgenic or knockout animals; therefore it is an impor-
tant model for researching AAA development and preventative mechanisms [32, 33].

3.5. Spontaneously mutated and transgenic mice models of AAA

Genetically determined types are Blotchy, Lox (lysyl oxidase) deficiency, MMP-3 or TIMP-
1(tissue inhibitor of matrix metalloproteinase) deficiencies, LDL receptor —/~, ApoE /-, eNOS /-,
C57BL/6 and “transgenic mice overexpressing renin and angiotensin”. Food supplements, dif-
ferent feeding methods or some drugs increase rupture risk of aneurysm. For example, beta-
aminoproprionitrile, sweet pea, diethylstilbestrol, monoamine oxidase inhibitors and hydralazine
are some of them; and they increase rupture risk by reacting collagen in media layer without
causing any hemodynamic effect. On the contrary, propranolol and reserpine decrease rupture
risk by their hemodynamic effect; propranolol also decreases rupture risk by causing connective
tissue with increasing cross-linkage of elastin.
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Blotchy Mouse is the mutant with impaired intestinal copper absorption due to X chromo-
some mutation. It is one of the species with spontaneous aneurysm development. Copper is
co-factor of lysyl oxidase (Lox). Lox plays a role in vascular growth and extracellular matrix
(ECM) production. Elastin and collagen productions are impaired in Lox-deficient mice,
neutrophil infiltration in tunica adventitia occurs and spontaneous aneurysm formation is
seen in male rats in 3 weeks. Elastic fiber fragmentation and disintegration of smooth muscle
cell layers of aortic wall are seen. Although saccular or fusiform aneurysm formations occur
through whole aorta in these mice; thoracic aorta is most commonly involved. However; it
has not been primarily preferred model for experimental aneurysm studies because it usually
results in spontaneous thoracic aorta rupture [34].

Spontaneous aneurysm development on both abdominal and thoracic aortas is seen in
MMP-3 and TIMP-1 deficient mice. The importance of MMPs for AAA formation was
further investigated by Eskandari et al. They demonstrated a protective role for tissue
inhibitor of metalloproteinase (TIMP)-1 on elastase induced AAA in mice. Compared with
wild type mice, TIMP-1 deficient mice developed larger AAAs after AAA induction with
elastase [35].

Although LDL receptor and ApoE deficient mice are more commonly used in atherosclero-
sis studies, suprarenal AAAs may occur when they are fed with high-fat diet for 6 months.
Adventitia thickening along with media layer injury in these animals prevent rupture. These
aneurysms are very similar to atherosclerotic aneurysms due to presence of elastin degrada-
tion medial electrolysis, vascular dilatation and necrotic core. Duration of aneurysm devel-
opment can be shortened with pharmacologic methods like intraluminal elastase, periaortic
CaCl, application or subcutaneous AngllI infusion in these mice.

It has been demonstrated that suprarenal AAA occurred with a rate of 25% in ApoE+ eNOS
deficient mice which had been fed with high-fat diet for 4-6 months. These aneurysms are
characterized with perimedial thrombotic and fibrous material accumulation [31, 33, 34].

Chronic hypertension was created in transgenic mice by cross-mating with human renin or
human angiotensin genes, then occurrence of aortic rupture was observed when they were
fed with water containing 1% sodium chloride. Aortic aneurysm was predominantly occurred
in aortic arch or juxtarenal segments in these mice [36].

Role of MMPs in AAA formation in genetically altered mice have been defined. It was shown
that after CaCl,-mediated aortic injury was created; aneurysm did not occur in MMP2 —/- and
MMP9 —/- knockout mice whereas aortic dilatation was decreased in MMP12 —/- mice when
compared with wild-types. Studies indicating regulation of matrix metalloproteinases by
TIMPs have been conducted [31, 36].

3.6. Large animal models

Aneurysm models performed on large animals have been predominantly developed for pre-
clinic research of surgical or endovascular treatment methods. Most important of these meth-
ods are Elastase model, xenograft model, graft models (patch, pouch, interposition grafts),
coarctation model and balloon dilatation model.
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3.6.1. Elastase model

This model which has been mostly used on rodents has also been used on large animals.
Aneurysm occurs due to destruction of medial elastic lamellae. Intraaortic elastase infu-
sion may be applied by reaching aorta through femoral artery without laparotomy, alone
or with applying methods like balloon angioplasty, collagenase infusion, CaCl, application.
Aorta aneurysm may be created in swine and dog aortas with this method by creating inti-
mal hyperplasia, medial elastic fiber rupture and matrix degeneration. It is the most similar
method to human aneurysm without tendency towards rupture [37].

Complications like livedo, lower limb paraplegia, neurologic bladder and rectal prolapse
may occur in this method. Changes in aortic wall and aneurysmatic dilatation, calcification
and blood flow are followed with weekly ultrasonographic examination under sedation or
anesthesia. After 2 weeks, it is possible to transformation of dilatation to an aneurysm (>50%).
Experiment is terminated at the end of third week; then aortic exploration and necessary
examinations are performed. It has been reported that chance of rupture is increased in moni-
toring period which exceeds 4 weeks.

3.6.2. Xenograft model

Itis also called “decellularized aortic xenograft model”. In this model, aorta implantation between
two different species is performed. This model is based on vascular smooth muscle cell suppression
and extracellular matrix immunogenicity between species. In this model, roles of immune system
and extracellular matrix proteins in aneurysm development can be researched and pharmacologi-
cal or immunologic mechanisms preventing aneurysm development can be examined [38].

3.6.2.1. Experimental application

A 1 cm infrarenal aorta segment of Guinea pig (300-350 g) is excised after ligating collat-
eral branches with median laparotomy under general anesthesia; then it is decellularized
in sodium dodecyl sulphate (SDS 1%, Sigma, St-Louis, USA) at 37°C for 18 hours. After this
procedure, it is washed with Triton X-100 solution (Sigma) and process is completed after
washing four times in 24 hours with 0.1% phosphate buffered-saline (PBS) solution. Xenograft
prepared with this method is transplanted to Lewis rats in orthotopic position by using 10/0
sutures with microsurgery method [39]. Decellularized aortic xenograft triggers immune reac-
tions without an acute fatal rejection. All cells on the distal part of aorta are removed during
donor graft preparation; however, collagen and elastin network of extracellular matrix is pre-
served. Degraded guinea pig extracellular matrix becomes infiltrated by intimal monocytes
and T-lymphocytes, luminal thrombus along with aortic dilatation starts. AAA occurs due to
reaction between species in extracellular matrix after 14 days, xenograft destruction may result
with aortic rupture. Doubling time of aortic diameter is short as 10 days in this model [31, 40].

3.6.3. Graft models

In these models, aneurysm is created by performing biologic or prosthetic graft interposition
to abdominal aorta. Tubular graft or patch application may be performed. Most frequently
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used biologic grafts are peritoneum, bovine pericardium, fascia of rectus muscle, jejunum
whereas prosthetic materials are dacron or polytetrafluoroethylene (PTFE) grafts. Most com-
mon graft application methods are patch model, pouch (saccular aneurysm model), graft
interposition and coarctation models.

3.6.3.1. Patch graft model

In this experimental model developed on large animals like swine and dog, developing
new endovascular devices for AAA repair by creating aneurysm similar to human anatomy
became possible. It is an easily applicable method. Most commonly used one of this method
is the an elliptic patch application. Patch materials used in this method which is also named
as anterior patch model are materials such as prosthetic grafts, venous grafts (iliac vein or
jugular vein), rectus fascia, jejunum treated with glutaraldehyde and gastric serosa.

In this procedure, abdominal aorta is explored between renal artery and iliac bifurcation by
performing median laparotomy under general anesthesia. One each silicon loops are placed
on renal arteries and above of aortic bifurcation. Aortic segment is occluded with silicon loops
after systemic heparin injection (200 U/kg). Inferior mesenteric artery and lumbar arteries are
temporary closed with mini hemoclips. If juxtarenal aneurysm is created, renal arteries are also
temporary clamped; then segments of 2-3 mm from edge of incision are longitudinally excised
by performing 5-10 cm aortotomy. Patch graft is sutured to aortotomy incision with 5/0 prolene
suture by using continuous technique. Aorta clamps are opened with well-known air removal
techniques and circulation is restored. Incisions are closed. Aneurysm formation is generally
seen in first 1 months. Rupture rate varies according to graft types and length of aneurysmatic
segment. It has been reported that segments whose length is more than 6 cm have a rupture
rate of 70%. Lowest rupture rate has been seen in iliac vein patches (0%) whereas highest rup-
ture rates have been seen in jejunum patches (100% in 42 hours), jejunum patches treated with
glutaraldehyde (66% at 11 days) and peritoneal patches (50%, 2 weeks). For preparing perito-
neal patches, peritoneal part is isolated and resected with blunt dissection and it is shaped as an
ovoid-shaped patch whose length is 5-10 cm and width is 2-3 cm. A double-layered peritoneal
patch is created after folding the free end on itself. It is kept in saline solution for 30 minutes
before use, and it is anastomosed with continuous suture like other grafts [41].

3.6.3.2. Saccular aneurysm model

It is an another aneurysm model which has been firstly used by Perini. Biologic or prosthetic
material used in this model is cut into a material sized 3X6 cm and its both sides are sutured after
folding it on itself. It becomes a sac sized approximately 3X3 cm; then opening of the sac is anas-
tomosed to an aortotomy sized 3 cm which is created on the anterior part of aorta. Result is a sac-
cular aneurysm. Bovine pericardium is most frequently used material. Venous graft materials or
prosthetic materials may also be used; however, largest dilatation is acquired with biomaterials.

Swines whose weight are approximately 20 kg are used for applying this model. Similar to
anterior patch model which uses median laparotomy, aorta between renal arteries and bifurca-
tion is explored. A 3 cm segment is chosen for aneurysm. After administrating IV heparin (with
a dose of 100 Ul/kg), proximal and distal aorta are clamped and 3 cm longitudinal aortotomy is
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performed on the chosen area; then previously prepared saccular bovine pericardium is anas-
tomosed to this area with continuous technique using 6/0 polypropylene. Result is a saccular
aneurysm. Retroperitoneum and abdomen are appropriately closed. Stabilization is provided
a few weeks after surgery, mortality and morbidity of this procedure are low. Continuity of
aneurysm is followed with Doppler ultrasonography with intervals of 15 days, aorta diameter
increases by more than 50% and it is most frequently used for evaluating endovascular methods.
Terminal branches of aorta and lumbar plexus are preserved, partial thrombus formation is seen
in lumen. Endovascular graft applications may easily be performed on aneurysm formation cre-
ated with this model, it is a good model for endoleak researches due to patency of side branches.
Most important disadvantages are lack of characteristic features of human aneurysm like ath-
erosclerosis, medial degeneration, medial or adventitial lymphocyte infiltration. Complications
like renal failure, intestinal perforation, sepsis, iliac artery thrombus may be seen in this model.
Bovine pericardium is cheaper than synthetic materials because it can be acquired easily [42].

Most frequently used animal in this model due to anatomic and hematologic (coagulation
and fibrinolytic system) similarity to humans is swine. In addition, it is an easily manipulable
model. Lipid metabolism, lipoprotein profile, thrombocyte aggregation/thrombus formation
and fibrin deposits after intimal injury, histologic structure of neointimal are also very similar
to human. Disadvantages are rapid growth of animal, its low tolerance to anesthesia, high
cost and possible paralysis due to medullary ischemia. Pericardium used in this model is
treated with glutaraldehyde for reducing antigenicity and increasing resistance to degenera-
tion. Monitoring is performed with Doppler ultrasonography in this model, other imaging
modalities like angiography is not required.

3.6.3.3. Interposition grafts

In this model, various types of grafts are interposed to infrarenal area of aorta. Graft whose
diameter is twofold of abdominal aorta is replaced to aorta after spinal artery are ligated.
Pigs are generally used and endovascular approaches can be used after two weeks. In this
model, biologic materials (bovine jugular vein treated with glutaraldehyde), fusiform-shaped
dacron grafts or PTFE grafts dilated with balloon are used. For creating aneurysm, a 8§ mm
PTFE graftis dilated with balloon until its final diameter reaches 30 mm. Graft which becomes
fusiform-shaped is anastomosed as it is placed between renal arteries and trifurcation. Caudal
paraplegia may occur due to ligated spinal arteries. Two lumbar arteries are re-implanted
through posterior of aorta with Carrel patch technique in endoleak researches. Endovascular
repair can be done 2 weeks after surgery. Type Il endoleak researches can be done after plac-
ing intraluminal pressure transducer into sac during surgery [43].

3.6.4. Stenosing cuff

Aneurysm development can be maintained due hemodynamic effect by creating stenosis at
the infrarenal area of aorta. Stenosis below renal arteries can be created by nylon tape or
plastic cuff whose width are generally 5 mm. Dilatation of aortic wall and aneurysm forma-
tion are seen due to turbulent flow after stenosis. This model is generally used together with
intraluminal elastase infusion and balloon angioplasty.
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After performing median laparotomy, aortic exploration and entrance right above aortic tri-
furcation; balloon plasty and elastase infusion are performed. Amount of administered elas-
tase when a pig weighting approximately 30 kg is 10 ml; and stenosing cuff is placed below
renal arteries by performing balloon dilatation after infusion. Presence of palpable thrill on
aorta is the indicator of adequate stenosis. Parameters like “pulsatility index” which provides
quantitative measurement of degree of stenosis may also be used [44].

Increase in aortic diameter is expected over 50%. Most important advantage of this model is
preservation of lumbar arteries. Disadvantages are requirement of laparotomy, occurrence
of retroperitoneal fibrosis and aneurysm extension limited at proximal [2]. Turbulent flow in
this model provides appropriate hemodynamic effect for damaging intercellular matrix after
protective barriers like tunica intima and lamina elastic interna are weakened by elastase and
effect of balloon; rather than creating aneurysm alone [45].

3.6.5. Balloon dilatation

Balloon dilatation alone cannot produce enough aneurysmatic dilatation in large animal
models. Therefore, it is always used with elastase or collagenase infusion or sometimes both
of them. Infrarenal stenosing cuff is also occasionally used with them. High pressure balloons
with width of 10-12 cm and length of 4 cm are used. Angioplasty balloons produced for
peripheral arteries may be used for this purpose. Applications can be performed with or with-
out stenting. It is percutaneously performed and whole side branches of aorta are preserved.
It results with moderate degree of dilatation [2].

4. Ruptured abdominal aortic aneurysm (RAAA) model

Clinical condition occurred in aneurysm rupture is modeled in this experimental model without
creating a real aneurysm. In this model which has been firstly described by Thomas Lindsay at
1995, first aneurysm rupture by creating shock, ischemic stage of surgical treatment by placing
aortic clamp then revascularization and reperfusion processes after removing clamp are mod-
eled. Lindsay identified factors like degree of pulmonary injury, ideal clamping area and dura-
tion by measuring “lung permeability index” and “neutrophil sequestration” levels; he reported
that highest damage had been observed on rats with created lower torso ischemia due to 1 hour of
shock + supramesenteric clamp. This model has also been used by various investigators [46, 47].

In experimental RAAA model, hemorrhagic shock studies evaluating hemodynamic effects of
all kinds of drugs, molecules or resuscitation fluids as well as ischemia/reperfusion researches
evaluating their effects on remote or end organ injuries can be conducted [48].

Most important features which differ RAAA model from other aortic ischemia/reperfusion
(I/R) studies or hypovolemic shock studies are initial shock creation and placement of aortic
clamps on both supramesenteric level and aortic bifurcation level. Total body hypoperfusion
due to initial hypovolemic shock, lower torso ischemia with aortic clamp and then reperfu-
sion are done by creating both shock and I/R [49-51].
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Therefore an effect stronger than both of them alone is acquired. Besides, most important
cause of high mortality in RAAA is comorbidity of these two important pathology [52].

Application: Most commonly used animals are rats; however, large animals may also be used.
Right carotid artery for measuring mean arterial pressure (MAP) and jugular vein for venous
access are cannulated with cut-down method in anesthetized rats with spontaneous respira-
tion (No 22 cannula) (Figure 3).

Heart rate, MAP, rectal temperature and respiratory rate are monitored. Saline infusion with
a rate of 3 ml/kg/h is given during whole experiment period for preventing insensible losses.
Rectal temperature is kept at 36.5°C by using heat lamp. After stabilization is acquired, shock
is created as MAP is set to 50 mmHg for 60 minutes by drawing blood in plastic injector
containing standard heparin; aneurysm rupture is simulated and withdrawn blood is kept in
room temperature (Figure 4).

Blood which will be drawn is calculated as not exceeding 30% of total blood volume. Lower
torso ischemia is created at the end of 1 hour by clamping abdominal aorta with microvascular
clamps on superior mesenteric level and iliac bifurcation level after performing median lapa-
rotomy and systemic heparinization (250 U/kg). Half of the withdrawn blood is slowly reinfused
through venous line; therefore surgical x-clamp and resuscitation are simulated (Figure 5).

Figure 3. Cannulations of jugular vein and carotid artery and monitorization.

Figure 4. Drawing blood from carotid artery to create shock.
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At the end of ischemic period which is 60 minutes long, all of remaining withdrawn blood is
re-infused right before opening clamp and the subject is left to reperfusion for 120 minutes
after removing clamps and closing abdomen. During reperfusion period, MAP is kept at
approximately 100 mmHg and fluid replacement is performed if necessary. Hemodynamic
values are recorded in every 10 minutes (Figure 6). All given fluids are recorded and most
commonly used fluid is Ringer lactate. At the end of the period, rats are sacrificed by drawing
blood method; then necessary blood and tissue samples are collected.

Experiment can be modified with different ways.

Figure 5. Aortic clamps on superior mesenteric and iliac bifurcation levels in rat aorta.
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Figure 6. Mean arterial blood pressure during the experiment.
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5. Conclusion

Until today, many animal experimental models have been developed for investigating develop-
ment mechanisms, factor affecting expansion and treatment methods of AAA which has been
a very common disease with high mortality in community. It is obvious that as the technology
advances, larger number of studies which are more sophisticated will be needed for both better
understanding etiopathogenesis and developing less invasive methods for treatment.
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Abstract

Introduction: The incidence of abdominal aortic aneurysms has been increasing through-
out the world. The etiology and pathophysiology of this disease are very complicated and
complex and include biomechanical aspects as well as biological processes. The effect of
these mechanisms is the degradation of the aortic wall, which leads to its dilation and
rupture. The possibilities for studying such complex pathophysiology in humans are very
limited. That is why we use various mathematical models and a number of different
animal models of aneurysm. Methods: A summary of the basic characteristics, findings
and examples of using the most widely used animal models of abdominal aortic aneu-
rysm. Information has been obtained from our own experience with laboratory animals
and from studies published and available on the Pubmed Internet database. The following
search terms were used: aneurysm, aorta, animal model and experiment. Conclusion:
Animal models of aortic aneurysms are a usable and useful tool in the study of AAA
etiopathogenesis. They also serve as a means to find novel therapeutic pathways. Each
model, like any animal species, is different and has its own limitations, advantages and
disadvantages, which we should always consider during their use and while interpreting
the results.

Keywords: experiment, aneurysm, aorta, animal, model

1. Introduction

1.1. Introduction

Infrarenal aortic aneurysm is a disease, which puts patients at risk primarily due to its long,
asymptomatic course, often resulting in abrupt pain caused by rupture as the first sign of the
disease [1]. Aneurysmal rupture often has a fatal outcome. Infrarenal aortic aneurysm is not a
single group of diseases. The etiology is different in patients with congenital connective tissue

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN


http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.5772/intechopen.78988

42 Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

disorders in Marfan syndrome and Ehlers-Danlos syndrome [2], different in infectious aneu-
rysms with bacterial agents clearly confirmed by culture [3] and different in aneurysms classi-
fied as degenerative [4], which represent the most common ones. These are diseases with
etiology that has not been completely elucidated. The pathophysiology of aneurysmal devel-
opment is a very complex process with complicated interrelated and interconnected physical
and biological mechanisms that lead to the degradation of the molecular and cellular structure
of the vessel wall [4]. It is exactly this complicated and not yet fully elucidated etiopathogenesis
that makes aneurysms the subject of continued interest across scientific disciplines. One of the
options to study the individual processes at different levels are animal models and experimen-
tal animal research. Animal models, unlike aneurysm samples obtained from surgery or
autopsy, are used to study the individual mechanisms from the early stages of aneurysmal
development. Studies in humans are conducted to examine the changes at an advanced stage.

Experimental work with animals requires strict adherence to the rules, careful planning and a
lot of effort. The advantage is the possibility to see the individual processes and mechanisms in
the context of the whole body, including all interactions.

1.2. Materials and methods

This chapter gives a summary of basic characteristics of most commonly used animal models
of aortic aneurysms. By giving few examples of each model, it also points out the advantages
and disadvantages and their practical application. The authors gain the information from
published studies that are available on the Pubmed Internet database. For searching in the
database, the words experiment, aneurysm, aorta, animal and model were used. Only those
papers were read and accepted, if the full text was written in English. Another source of
knowledge presented in this chapter is a long-time experience and practice with laboratory
animals of different species in various models and studies on the authors’ place of work. Due
to the nature of this chapter and many variables, no statistical analysis is presented.

2. Experimental work and models of AAA

2.1. General conditions for working with laboratory animals

The current issues of experimental work with animals are subject to European and global
conventions on the protection of animal rights, which may be further regulated and specified
by national legislations. Several fundamental rules apply in this field. In general, there have
been attempts to reduce the total number of animals used for experimental purposes. The
interests of researchers may be in conflict with those of animal rights defenders and a reason-
able compromise should be sought. The conditions in which the animals are kept, how they
are treated during transportation and throughout the experiments, including the killing and
subsequent handling of the remains, have been constantly improved. The basic principles and
rules of working with experimental animals, which are valid still today, were defined by
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William Russell and Rex Burch in the mid-twentieth century in the book “The Principles of
Human Experimental Technique” [5]. They can be summarized in three points or rules known
as “3R” —Replacement, Reduction, Refinement [6].

Replacement: an effort to find other, alternative methods of conducting research without the
use of laboratory animals. When considering the initiation of research, we should first ask and
answer the question of whether it is possible to obtain the result without using laboratory
animals. The current level of knowledge allows the use of a variety of mathematical or
computer models. Cell or tissue cultures alone can often be used to verify hypotheses. If this
is not possible, we should always try to use animals from lower evolutionary groups. If work
with animals is a part of teaching programs, it can often be replaced by video recordings.

Reduction: an effort to reduce the total number of laboratory animals used. This rule is closely
related to the previous one. The already mentioned use of nonanimal models and cell and
tissue cultures should include the careful planning of experimental work so that we do not
duplicate experiments that have already been carried out unnecessarily or do not verify
hypotheses that have already been adequately verified. The total number of laboratory animals
used can be reduced by appropriate selection of the animal species, choice of appropriate sex
and age. Careful consultation with the statistician (appropriately chosen model, number of
animals in each group, length and ways of monitoring) should be an integral part of the
planning.

Refinement: includes measures to improve the living conditions and the environment of
laboratory animals. Working with laboratory animals requires the possession of authorizations
that can be obtained based on professional education and experience. The Federation of
European laboratories animal science associations (FELASA) determines four categories of
authorization (A-D) according to the level of education and length of practice. Correct or
wrong animal handling can significantly affect the results of the experiment. Any handling of
animals, including transportation and environmental changes, is stressful for animals. In
addition to stress, transportation also poses the risk of the transmission of infections not only
to the animal but also to the transporter, and it is therefore necessary to choose suitable
transport boxes (air conditioning, protection). Acclimatization to the new environment is
always necessary between transportation and the beginning of the experiment. The acclimati-
zation time varies according to the type of animal chosen and also serves to normalize changes
caused by stress during transportation (weight loss, change in heart rate). The environment in
which the animal is kept (box size, number of animals in the box, temperature, humidity,
observation of circadian rhythm, appropriate feeding) and how the animal is treated is very
important. Smaller laboratory animals are less expensive, and handling them is not so physi-
cally demanding and does not require much space. On the other hand, greater size of the
animals, such as a rabbit or a pig, may be an advantage when handling organs and tissues.
Any painful handling, investigations, and procedures should be performed under anesthesia,
and suitable analgesia should be provided, including in the postoperative period. The method
of anesthesia should be selected according to the type of animal chosen and plays an important
role in the successful completion of the experiment and achievement of the necessary results.
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The anesthesiologist should be sufficiently experienced and knowledgeable about the specific
differences of the chosen animal species.

Strict adherence to the established rules and standardized conditions is an inherent part of any
experimental work so that the results of the work are reproducible, repeatable and the statis-
tical analysis is valid.

At present, multiple animal species are used in animal experiments. The same is true for
experimental works related to aneurysms. Wild-type (WT) animals, whose genome is not
modified, can be used for each animal species. Interindividual differences, for example, in
enzymatic activity are a certain disadvantage when studying such populations [7]. This is one
of the reasons why genetically modified strains of animals are often used in studies in which a
population of similar or virtually identical animals is being studied [7]. Another advantage of
using modified strains is a specific modification that allows for the monitoring of, for example,
the involvement of a particular enzyme and its activity in the studied process. Especially in
mice, a large variety of different genetically modified strains are available. With a properly
chosen animal, we are able to model very specific situations. A properly chosen animal type
and methodology can significantly influence the results of the work in both positive and
negative terms, as documented below in the text. When choosing an animal model, it is
necessary to answer the question of whether it will be possible to compare the model with the
real situation in human medicine and to what extent the conditions studied will be similar
(enzymatic equipment etc.) or different from the reality.

2.2. Animal models of AAA

Animal aneurysm models help clarify the complex etiopathogenesis, can be used to develop
new treatment methods or to improve endovascular and surgical procedures. The first animal
aneurysm models were published in the 1960s, and many other methods and models have
been developed since then and have been variously upgraded and improved [8-11]. In princi-
ple, the methods of inducing an aneurysm in animals can be divided into those using different
chemicals and those using physical laws and their various combinations. Papers that are
presenting research with different models of aneurysm and different animal species are sum-
marized in Table 1.

2.2.1. Elastase model

Perhaps the most important changes that can be observed in the aneurysm wall in humans are
degeneration of extracellular matrix—degradation of elastin in the presence of matrix
metalloproteinases 1, 2, 3 and 9 (MMPs) and the inflammatory infiltration. The first attempts
to develop an experimental aneurysm used proteolytic enzymes to cause the degradation of
elastin fibers. Wills et al. [8] used porcine aortic tissue to demonstrate the effect of exogenous
elastase in the development of degenerative changes of the extracellular matrix. He confirmed
the results and observations attained by Anidjar et al. [21]. Anidjar repeatedly demonstrated
the possibility of establishing an aortic aneurysm model in rats by applying porcine pancreatic
elastase (PPE). Anidjar’s model represents the basis for a various PPE model modifications. In
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Model Animal Study Additional
information
PPE Mice Pyo et al. [12], Moore et al. [13], Bigatel et al. [14], Curci et al. [15],
Boyle et al. [16]
Bhamidipati et al. [17] Periadventitial
apply
Zhou et al. [18], Johnston et al. [19], Parodi et al. [20] Genetically
manipulated
Rat Holmes et al. [21], Anidjar et al. [22], Carsten et al. [23], Dobrin
[24], Azuma et al. [25], Yamaguchi et al. [26]
Dog Strindberg et al. [27], Economou et al. [28]
Yucatan miniature Marinov et al. [29]
swine
Rabbit Nie et al. [30], Bi et al. [31], Kobayashi et al. [32]
CaCl, Rabbit Gertz et al. [9], Freestone et al. [33]
Mice Chiou et al. [11], Watanabe et al. [34]
Basalyga et al. [35] Genetically
manipulated
Rat Gacchina et al. [36]
Angiotensin II  Apolipoprotein E Daugherty et al. [10], Wang et al. [37], Saraff et al. [38], Inoue et al.
deficient mice [39], Rateri et al. [40], Briones et al. [41]
Zebrafish Folkesson et al. [42]
Stenosing cuff  Rat Mata et al. [43]
Patch Minipig Lin et al. [44]
Tissue Rat/Hartley guinea Allaire et al. [45], Schneider et al. [46]
transplantation pig
Combined Rat Tanaka et al. [47], Morimoto et al. [48] PPE + CaCl,
Pig Molécek et al. [49] PPE/stenosis/
patch

Houdek et al. [50]
Turnbull et al. [51]

PPE + stenosis

PPE + balloon
dilatation

Table 1. Animals and models of experimental aneurysm used in presented studies.

this model, a segment of infrarenal aorta is perfused with a PPE solution through a directly
inserted tube or needle. The authors and models can differ in the concentration of PPE,
method of perfusion (pump, single or repeated applications, or application with increased
pressure), duration of perfusion and the laboratory animal [24-26, 28, 52]. Anidjar perfused a
1 cm long segment of aorta of rat with a porcine elastase solution. Other proteases (papain,
trypsin, and collagenase) can lead to the development of an aneurysm as well. Carsten et al.
[23] studied several batches of elastase and confirmed the need for inflammatory infiltration
with activated macrophages to achieve the necessary extracellular matrix degradation and
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aneurysmal development in rats. PPE model was widely used to study the pathophysiology
and possible treatment options of AAA. For this purpose, genetically modified mice were used
[12] and many anti-inflammatory acting drugs and agents were studied (TIMPs, doxycycline,
indomethacin) [13-16, 21]. Periadventitial application of elastase in mice may cause similar
changes and lead to development of AAA as well [17]. Nie et al. [30] induced an aortic
aneurysm using PPE in the New Zealand White Rabbit within 14 day. Despite mild differences
in the method of perfusion, similar conclusions were made by Bi et al. [31] and Kobayashi et al.
[32]. Both used higher pressure for the perfusion. In elastase-induced models small animals are
commonly used. In large animals, such as different species of pigs or in dogs, the results are
not so unambiguous. Marinov et al. [29] observed elastin fiber destruction, inflammatory
infiltration, a change in wall thickness and changes in smooth muscle cells, and even calcium
depositions after aortic perfusion with PPE in Yucatan miniature swine, but he did not observe
the development of aneurysmal dilation after 3 weeks. Strindberg et al. [27] wanted to use the
elastase-induced aneurysm model in a dog for control and development of stent grafts. He
compared the changes while using different elastase concentrations, different perfusion times,
and the combined use of elastase with collagenase and/or an inflated intraluminal balloon
catheter. By extending the perfusion time to 2 h and using elastase alone or in combination
with collagenase, aortic dilation of 65.6 + 20.8% was present, which was not enough for his
need. Degradation of elastin fibers, a reduced number of smooth muscle cells and an intimal
thickening were present during the examination of the aorta samples. Many modifications of
the elastase-induced aneurysm model employ differently genetically modified and specified
animal clones [18-20].

2.2.2. Calcium chloride model (CaCl,)

Inflammatory infiltration is another significant contributor to the development of aneurysms.
This reaction can also be induced by an external insult to the adventitia. The use of calcium
chloride to induce an aneurysm was first described in the carotid arteries of rabbits [9] more or
less as a secondary observation. However, the histological structure of these aneurysms some-
what differs from findings in human aneurysms. In both cases, we can see changes in the
media with wall thickening and inflammatory reaction, but in carotid artery aneurysms in
rabbits, the wall thickening is more pronounced with marked intimal hyperplasia and marked
calcification of elastin fibers in the media. For the abdominal aorta, this methodology and
experience was described by Freestone et al. [33]. He studied the effects of different concentra-
tions of calcium chloride and sodium chloride solutions applied to the surface of the infrarenal
aorta for 15 min. He also examined the possibility of influencing the effect of calcium chloride
by added sodium thioglycolate and a high-cholesterol diet. Histological changes (intimal
hyperplasia, media injury, calcification of the media) increased with the increasing calcium
chloride concentrations. The leading symptom was infiltration of the media and adventitia by
macrophages and increased activity of MMP2 and 9. Aneurysms developed at a concentration
of 0.25 mol/L. High cholesterol and/or thioglycolate levels did not significantly affect the
development of aneurysms. The effect of sodium chloride has not been demonstrated as well.
Chiou et al. [11] provided a similar comparable study but he used mice as a laboratory animal.
Calcification of the vascular wall is a common denominator of a number of vascular diseases.
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We can find calcification in the aortic and aneurysm walls. Basalyga et al. [35] used the
application of calcium salts at various concentrations in unmodified and genetically
engineered mice to verify the association of elastin degradation caused by the action of MMP
and the resulting calcification. Watanabe et al. [34] used genetically engineered mouse clones
with calcium chloride-induced aneurysm for studying the role of phospholipase A2 (PLA2)
and inflammation in the pathogenesis of AAA. Other study confirmed a protective effect of
PLA?2 inhibitor. Using the calcium chloride-induced aneurysm model in mice, Gacchina et al.
[36] referred the role of vascular smooth muscle cells (VSMC) for the AAA growth.

2.2.3. Angiotensin 1l model

Like previous aneurysm models, another model that uses the effect of angiotensin II has
several common characteristics with human aneurysmes. It is an association with hyperlipid-
emia, wall remodeling, inflammation and thrombosis and also a higher incidence in males [53].
The model is more animal-specific and uses apolipoprotein E deficient mice (ApoE —/-).
Daugherty et al. [54] examined the effect of Angiotensin II on the development of atheroscle-
rosis in relation to hyperlipidemia. He administered angiotensin I to ApoE —/— clones of mice
for 1 month using a minipump. In addition to the development of atherosclerotic changes,
both by the action of higher blood pressure and independent of elevated blood pressure on the
basis of activation of the monocyte-macrophage system and oxidative stress, Daugherty
observed development of aneurysm as a secondary effect. This phenomenon was not depen-
dent on blood pressure or lipid levels or their distribution in the blood. The mice thus treated
were found to have a number of macrophages and lymphocytes, that is, inflammatory infiltra-
tion in the external elastic lamina and adventitial hypertrophy. In contrast to human aneurysm,
the effects of angiotensin II result in dilation and development of aneurysm in the suprarenal
segment [10]. This is explained by a higher proportion of fat cells in the adventitia region in the
suprarenal segment of the aorta. Dissection and rupture have been reported to occur more
frequently [38, 39]. In animals, rupture of the media occurs with thrombus formation and
further stimulation and activation of macrophages with elastin disintegration and matrix
remodeling. The described changes and the rate of aortic dilation are not the same in identical
animals even under the same experimental conditions [10, 37]. Based on these differences, four
subtypes of angiotensin II-induced aneurysm models can be distinguished. This heterogeneity
can also be observed when comparing samples from different levels of aneurysm in one
animal [40]. In this model, further growth of the aneurysm occurs for several weeks after the
last angiotensin infusion [39]. Another animal that was used as an angiotensin-induced aneu-
rysm model was the zebrafish. This is primarily due to similar vasculogenesis with humans
[42]. This model was used primarily to investigate the effects of smoking tobacco.

2.2.4. Combined and other newer models

Very often, experimental aneurysm models combining the effects of calcium chloride and
pancreatic porcine elastase are used. These models are often associated with rats. As an
example, we can mention the Tanaka group [47], who achieved aneurysmatic dilation in
almost 93% of animals by using the combined approach, but only in 25% and 0% of animals
when using PPE alone or CaCl, alone, respectively. Even histological changes copied this
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trend: less elastin, more pronounced infiltration by inflammatory cells, and higher activity of
cytokines and MMPs 2 and 9 were recorded in the group combining the effects of PPE and
calcium chloride. Morimoto et al. [48] used this combined model in rats to study the effects of
free oxygen radicals. Molacek et al. [49] compared different AAA animal models in pigs. He
compared the PPE model, stenosing cuff model, Dacron patch model and their combinations.
He observed best results in combination of PPE model with hemodynamical changes caused
by a stenosing cuff placed around the subrenal aorta (p < 0.0156) and the same group used this
knowledge to influence the growth of experimentally created aneurysm in rats and pigs with
atorvastatin [50]. They observed no thrombus, lipid deposition, media necrosis, intramural
hematoma, dissection, or rupture in this combined model. Figures 1-3 show the combination of
placed stenosing cuff and PPE infusion and the aortic dilatation after 4 weeks in pig. Figures 4
and 5 are images from ultrasound, showing dilatation of porcine infrarenal aorta after 2 weeks.

Figure 1. Porcine infrarenal aorta with stenosing cuff day 0. Black arrow —stenosing cuff; yellow arrow —infrarenal aorta;
blue arrow —aortic bifurcation; red arrow —inferior caval vein.

Figure 2. Infusion of clamped infrarenal aorta with porcine pancreatic elastase day 0.
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Figure 3. Dilatation of porcine infrarenal aorta. Combined model —stenosing cuff + PPE. Day 28. Black arrow —stenosing
cuff; yellow arrow —dilated infrarenal aorta; blue arrow —aortic bifurcation; red arrow —inferior caval vein.

Figure 4. Ultrasound image of dilated porcine infrarenal aorta. Translumbal approach. Transverse view. Day 14. Com-
bined model—stenosing cuff + PPE. Yellow arrow —dilated infrarenal aorta; red arrow —inferior caval vein.

Another models that combine the use of PPE, CaCl, or Angiotensin II in mice, rats, rabbits or
pigs were used to explain the effects of various statins and other drugs [41, 55-60].

The possibilities of using stem cells to influence the growth and rupture of aneurysms have
been increasingly studied in recent years. This topic is studied by many authors and no
consensus has been achieved as to the optimal experimental model or laboratory animal.
Mesenchymal stem cells (MSCs) have been used in studies to treat a number of cardiovascular
diseases, such as critical limb ischemia, cerebral ischemia or myocardial infarction. It is
believed that mesenchymal stem cells (MSCs) could help to inhibit degenerative changes in
the AAA wall and promote its regeneration. Turnbull et al. [51] attempted to demonstrate the
uptake and the presence of stem cells in the aortic wall after insult. She used an experimental
pig model, where she combined physical (balloon dilation) and chemical (the effect of PPE and
collagenase) methods, and administered stem cells to the pigs. Her methods have led to the
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Figure 5. Ultrasound image of dilated porcine infrarenal aorta. Translumbal approach. Longitudinal view. Day 14.
Combined model—stenosing cuff + PPE. Black arrow—stenosing cuff; yellow arrow—dilated infrarenal aorta; blue
arrow —aortic bifurcation; red arrow —inferior caval vein.

development of aneurysms with characteristics close to human ones, such as expression of
MMP2 and 9. By proving the presence of stem cells in the affected aortic wall, she verified her
hypothesis and provided the basis for further research. Regeneration of the damaged aortic
wall largely depends on the capabilities and presence of VSMC. Schneider et al. [46] was able
to improve the regeneration of the aortic wall and thereby influence the progression of aortic
dilation in the negative sense using mesenchymal stem cells with a wide differentiation capac-
ity. The effect of MSC was greater than that of VSMC alone. In his work, he induced aneurysms
in rats by implanting an aortic graft from guinea pigs. Before the implantation, the xenografts
were perfused with a solution containing VSMC or MSC or with a cell-free solution in a control
group. The development of aneurysms occurred 14 days after. Grafts colonized by MSC
showed significantly less dilation after 1 and 4 weeks compared to those colonized by VSMC
and to the controls, where further dilation occurred (p = 0.006). The presence of MSC led to a
reduction in inflammatory cell infiltration, a decrease in activity of MMPs, increased TIMP-1
activity, and triggered regeneration of the damaged aortic wall.

3. Discussion

Experimental studies have an irreplaceable role in a research of etiopathogenesis and possible
treatment options of AAA. Experimental works with animals and aneurysm models, in con-
trast to human aneurysms, allow us to monitor the development of aneurysms over time and
take samples for analysis at any time during the development. Exploitation of experimental
animal models provides, beyond the research of etiopathogenesis, a wide range of possibilities
for studying therapeutic interventions, influencing growth or preventing aneurysmal develop-
ment and rupture. Pharmacotherapy used in experimental models is strongly influencing the
initial changes and triggers, and in some models, even a pretreatment is used. To better
understand the etiopathogenesis of infrarenal aortic aneurysm, especially how to prevent the



Experiment and Animal Models of AAA
http://dx.doi.org/10.5772/intechopen.78988

growth and rupture, comprehensive studies are needed. Triggers and initial steps leading to
the development of aneurysms in animals under experimental conditions are known. Studies
with animal AAA models have promising results, but if they are repeated in humans, the
results are inferior. The models are representing “acute” aneurysms. Aneurysms in humans
are growing slowly usually with degenerative changes. Degenerative aneurysms usually
develop in humans over many years. For animal models, this time is significantly shorter,
ranging from days to weeks. There are differences not only between animal AAA model and
AAA in human, but also various changes in the results, if a different animal species or different
AAA model is used. Table 2 summarizes the advantages and disadvantages of each model.
Not all animal aneurysm models are capable of achieving sustained growth and dilation, and
ruptures of already existing aneurysms cannot be observed in all models. Specifically, no
ruptures were observed in models with calcium chloride alone. The presence of thrombus in
the aneurysm is common in the human aorta, but thrombus formation does not occur in most
animal models. Common for majority of animal AAA models is the degradation of extracellu-
lar matrix and elastin fibers, increased MMP activity and inflammatory infiltration of aortic
wall.

The angiotensin II model is, to a certain extent, very specific not only due to the choice of
animal (apolipoprotein deficient mouse clone), but in contrast to other models, the aortic
dilation occurs predilectively, in the suprarenal region, and more than other models encoun-
ters dissection and rupture, and the development of dilation may be less predictable.

The use of PPE alone to induce aneurysm model is effective in small animals (mouse, rat), can
be used in large animals (rabbit, pig, dog) as well, but in large animals, this model is less
effective. With respect to the proven and dominant changes in the wall of such aneurysms
(inflammatory infiltration, degradation of elastin fibers, increased MMP activity), which are
more or less consistent with the changes that can be observed in human aneurysms, such
model can be considered to be appropriate. It has been used extensively to study possible

Model Advantage

Disadvantage

PPE

Possible in majority of animal species

Good results in small animals

Surgery
AAA development within 2—4 weeks

Less effective in big animals

CaCl, Possible in majority of animal species Surgery
Common in combined models No rupture has been observed
Widely used with knockout mice AAA development within 2—-4 weeks
Angiotensin I Shorter time for development Apolipoprotein E deficient mice
Common rupture Dilatation of suprarenal aorta
Stenosing cuff/patch Shorter time for development Difficult in small animals

Tissue transplantation

Common thrombus

Difficult surgery

Table 2. Advantages and disadvantages of different models of experimental aneurysm.
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prophylactic and therapeutic methods and to explore the individual pathogenetic mechanisms
of aneurysmal development. PPE can also be used to study isolated aortic tissue.

Small animal —mice is commonly used for the calcium chloride-induced aneurysm model as
well. Changes and characteristics are comparable to human. It is most often used in the
infrarenal region; the aneurysmatic wall contains calcifications with inflammatory cellular
infiltration. Oxidative stress, degradation of elastin fibers and changes in SMC play role in this
model. In addition, the mechanisms involved in the induction of aneurysms in this model
appear to be involved in the pathogenesis of aneurysm in humans, for example, sPLA2 and
plasminogen. Unlike human aneurysms, no rupture, intraluminal thrombus or atherosclerotic
changes other than calcification have been observed in this model. Studies have confirmed that
this model can be used in both WT animals as well as in genetically modified animals. This
aneurysm model is perhaps more often used in combination with other techniques of aneu-
rysm modeling in different animal species.

Most of the models described herein were used in more than one animal species. The advan-
tage of larger laboratory animals, such as pigs or rabbits, is their size and hence the size of the
aorta, which improves tissue handling. On the other hand, the size itself may also be a
disadvantage in terms of spatial capacity and handling of the animal itself. The pig has an
anatomy and physiology generally similar to humans, which is undoubtedly important for
interpreting the results and possible use in human medicine. If we select a mouse as a labora-
tory animal, we have the option of choosing wild species or a variety of genetically modified
strains. Lower financial burden is certainly a great advantage of small laboratory animals. In
any case, adequate methods of application and administration of pharmaceutical doses should
be observed for the selected laboratory animal and aneurysm model. We have mentioned
contrast between animal models and the real human aneurysm.

Examples were included for all the abovementioned animal models of AAA, where the possi-
bilities of positive pharmacological effects on aneurysm growth and potential rupture were
studied. The effects of drugs should be first verified in laboratory animals or in tissue culture
and afterwards in a clinical trial.

4. Conclusion

Animal models of AAA are still essential in searching for novel treatment options. Successful
aneurysm induction depends on the choice of the right laboratory animal in each method. In
general, small laboratory animals are preferred in experimental studies. Small animals are
cheaper, handling with them is easier and they require less space. This enables to design trials
with more individuals. There are different genetically modified mouse clone available on the
market and that makes mouse a widely used laboratory animal. Regarding current experi-
ences, no universal animal AAA model can be recommended. The aim of the study, advan-
tages and disadvantages of each model should be taken into consideration when preparing the
design of a new study. The most commonly observed features of various animal models and
human aneurysms are the presence of cellular inflammatory infiltration in the aortic wall,
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degradation of the elastin fiber network, increased activity of MMP2 and 9, and a lower
number of smooth muscle cells, but many differences and contrasts are observed as well.
Because of these contrasts, each observation and result of animal study have to be confirmed
in clinical study before they can be implanted into daily medical practice. Unfortunately, ideal
model similar to human’s AAA remains undeveloped.
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Abstract

It is known that endovascular aneurysm repair (EVAR) requires a precise deployment of
the graft and so the anatomical and morphological characteristic study of the aorta and its
branches is mandatory. The increase of endovascular surgeons’ interest on tomography
image edition through software is marked specially when the increasing frequency of
these procedures and its complexity have impelled surgeons to face additional and suc-
cessive risk to occupational radiation exposure. Thus, a meticulous study of the angio-CT
during EVAR preparation allows the reduction of unnecessary radiation exposure, as it
also reduces consecutive image acquisition and contrast use (that may be related to renal
overload in susceptible patients). Although some studies propose effective strategies to
optimize the procedure, they rely on the use of additional specific and advanced equip-
ment, available only in major centers. As an alternative, a simpler technique through image
manipulation on the software OsiriX/Horos, aiming to reduce both exposures, is presented.

Keywords: EVAR, angio-CT, planning, sizing

1. Introduction

Over the last decades, since the first published results by Juan Parodi in 1991 [1], endovas-
cular aneurysm repair (EVAR) became the vascular surgeon’s most preferential technique to
treat aortic aneurysms due to its benefit of early clinical and surgical outcomes with good
long-term durability. EVAR has progressively replaced open surgical repair (OSR), especially
in the infrarenal territory, representing currently over half of the surgeries for abdominal
aneurysms [2, 3]. The development of new modern devices (with features that can adapt to
different morphologic presentations of this aortic disease, which in the past were considered
as not eligible for EVAR), like low-profile delivery systems, comformability and flexibility,
has required some new aptitudes beyond endovascular skills for this type of repair, directly
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related to specific technical knowledge of each brand’s endograft and their usage facing each
patient’s anatomy.

Consequently, the image study in the pre-operatory time took the uttermost importance in
order to ensure the adequate selection of patient candidates for EVAR, the decision to endo-
graft type and size, and additional details for postoperatory follow-up. Different from OSR,
EVAR relies on knowing the patient’s anatomy well enough to choose the appropriate device
preoperatively [4]. Adequate planning is an essential and indispensable step for technical
success, in order to promote appropriate adjustment of the graft to the vessel wall and conse-
quently aneurysm sac exclusion with blood flow reorientation [5, 6]. The implications of an
inefficient planning can be seen immediately —or after the procedure —by endoleaks” forma-
tion or late aneurysm sac growth [6]. Even an underestimation of 2 millimeters in the vessel
size can result in fixation and sealing failure, creating endoleaks, migration, and secondary
interventions needs (including OSR conversion of late aortic rupture). Moreover, this step
warrants the foreknowledge of additional surgical strategies for EVAR viability, like angio-
plasties, bypass or conduits, and hypogastric occlusion [4].

Therefore, it is important that the surgeon shows familiarity to all the necessary tools to per-
form a meticulous analysis of the computed tomography angiography (CTA), an imperative
exam for this disease evaluation. Nowadays, the multislice CTA represents one of the most
important methods for diagnostics and the assistance of vascular disorders. Its performance is
related to modern attributions like better spatial and temporal resolution associated with the
characteristic vascular lumen attenuation obtained by intravenous contrast injection [7]. CTA
yields thinner tomographic segments that give high-definition properties to superior three-
dimensional (3D) image reformatting, with the less use of iodinated contrast while captured
under faster sweep for image generation [8]. A single intravenous bolus contrast injection
can produce slices from thorax, abdomen, and pelvis, with a 0.5-1.5 millimeters thickness.
When compared to the conventional angiography, the CTA is less expensive, less invasive,
and exposes the patient to lesser radiation doses [9].

Also, technological refinements of these (thinner) slices provides plenty of details that—
associated with software for image manipulation—promotes the study of large anatomical
segments (including a complete patient’s scan). These tomographic data, known as digital
imaging and communications in medicine (DICOM) files, additionally retain information of
radiation dose distribution at different levels (such as organs and other structures) that—asso-
ciated with highly sensitive and precise algorithms of 3D-by-volume rendering—allows a
patient’s scan to be recreated in these software as interactive models along with their vascular
anatomy [10, 11]. A range of data processing of the CTA-DICOM files can be practiced and
are as follows: multiplanar reformats, bidimensional (2D) and 3D MPR and 3D MPR curved;
minimal and maximal intensity projections, MinIP/MIP; 3D volume and surface rendering;
and shaded surface display. Each one of these image formattings has its peculiarity and it is
important to identify a specific arterial alteration in other distinct projections, rendered by
different techniques [9]. There is no type of image reconstruction that is more effective than
another; they all have their own properties and indications, where often it is necessary of
more than just one kind to demonstrate properly a disease [7].
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The preoperative analysis of the CTA consists of three principal purposes: to determine eligibility
for EVAR, to choose the appropriate endograft, and to simulate a plan of intervention. Thereby,
decisive information for EVAR execution is extracted —like the morphologic configuration of
aneurysm'’s neck (tapered, reverse tapered, cylindrical, angulated, the presence of thrombus,
etc.); the anatomy of visceral arteries related to the aortic axis (lowest renal artery —LRA); to set
the anatomic areas for proximal and distal sealing and deployment of the graft and its diameters
for device sizing; to access the quality of arterial paths (stenosis, tortuosities, vessel wall altera-
tions, etc.); and to apprehend the possible necessity of auxiliary procedures for EVAR comple-
tion. These abilities raised the preparatory purpose of EVAR due to the many-times expressive
and complex presentation of the arteries in the presence of aneurysmal disease [11, 12].

The most popular software used among vascular surgeons are OsiriX Imaging Software
(Pixmeo Labs., Geneva, Switzerland) and the Aquarius iNtuition system (TeraRecon, Inc.) and
both are retail versions [13]. Lately, the Horos software (horosproject.com) has been shown
as a free downloadable option for OsiriX MD: It has the same interface and functionality,
running on a 64-bit platform. Although Horos is a low-cost alternative for EVAR planning,
only OsiriX and TeraRecon have FDA and CE Marking. The following techniques, described
for image inspection for the EVAR study, can be reproduced in Horos, although to ensure its
scientific validity OsiriX MD is recommended (FDA approved).

2. Understanding EVAR morphologic concepts

Necks are the proximal aortic and distal iliac segments free of aneurysmatic disease. It allows
the grafts” adequate apposition and promotes the fabric’s sealing to the vessel and stent fixa-
tion [6, 13]. By reason of the absence of suture to the artery, the durability and stability of
EVAR depend almost exclusively on the stent’s radial force and friction to the wall. This is
why meticulous studies of aneurysms’ necks are decisive.

a. The proximal neck:

The proximal neck of an infrarenal aneurysm is defined by the segment from immediately
below the LRA to the beginning of the aortic dilation [14]. It can be analyzed by form, length,
diameter, angulation, and related alterations (such as calcifications, ulcers, and thrombus) [13].

Form: Aneurysms’ necks can exhibit forms as cylindrical, tapered, and reverse tapered. In
cylindrical necks, the diameters’ difference between the two extremities is inferior to 15%.
Tapered necks display up to 20% of this variation, just as 20% is inversely proportional in
reverse-tapered necks [14]. Necks over a 30% change in diameter and reverse tapered are
not eligible for EVAR and a revision of treatment strategy should be considered into a more
complex network that involves visceral arteries.

Length: The ideal neck’s length, according to most of the grafts’ instructions for use (IFU),
is 15 mm. Some devices have active proximal fixation and can adapt to a 10 mm neck.
Nevertheless, the shorter the neck the greater is the risk of type Ia endoleak. The ideal neck
length is longer or equal to 20 mm [13, 15, 16].

63


https://horosproject.com
http://dx.doi.org/10.5772/intechopen.78018

64  Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

Diameter: There are clear evidences that cranial progression of the aneurysmal disease can
occur independently of the type of care (OSR or EVAR) [6]. Aortic necks over 30-32 mm are
likely to be diseased and progress to proximal degeneration. They offer no durability to seal-
ing and evolve in time to type Ia endoleaks and thus to reintervention needs [13, 16]. On the
other hand, narrow necks (under 18 mm), although less frequent, must be carefully evaluated.
Since the majority of endografts’ size starts from 22 mm (which confers an above 20% of diam-
eter oversize), there is potential exposure to wall stress, partial graft unfolding with fabric cor-
rugation, and even aortic rupture [14]. Currently, the smallest available main body diameter
device is the 20 mm Ovation Prime (Endologix Inc., Irvine, CA) [16]. The aortic bifurcation
diameter should also be measured. Distal narrow aortic bifurcations (inferior to 20 mm) are
not suitable to fit both iliac grafts and may compete for space leading to one of the leg throm-
bosis by compression exerted by the contralateral branch [17]. This can be avoided by aortic-
monoiliac devices (with femoro-femoral bypass and contralateral proximal plug occlusion) or
single-piece bifurcated grafts like AFX (Endologix Inc., Irvine, California) [14, 18].

Angulation: The suprarenal aneurysm’s angle is defined as the suprarenal axis blood flow and
aneurysm’s neck. The infrarenal angle is determined between the aortic neck and the aneurysm
axis [19]. It is important to specify these two curvatures once they have implications related to
the bare-stent accommodation (i.e., the free flow in suprarenal fixations) and correct deployment
of infrarenal stent graft. For the majority of commercially available devices, it is not recom-
mended to exceed an angulation over 60 degrees, except for those specifically designed for
75-90 degrees angulated necks like Anaconda (Vascutek Terumo Lt., Scotland, UK) [20] and
Aorfix (Lombard Medical Inc., Irvine, CA) [21]. There is a consistent risk of irregular deploy-
ment if these advices are not observed [13]. Patients with angled necks are more willing to
present other associated morphologic alterations that may define technical challenge for EVAR
execution. Severe angulations can result in endograft’s kinking or migration along with a
lower-than-the-ideal apposition site at the deployment time. Angled aortas should be pursued
by the functional neck, that is, the length segment that can adequately suit the graft’s sealing and
fixation. Its limit is ruled by the internal curvature of these tortuous necks where the extra-stiff
guide wire (e.g., Lunderquist) takes over its trajectory, especially when in short aortic necks. On
the other side, in elongated necks, the curvature can be influenced by the stiffness of the wire,
rectifying it. Under the influence of these wires, the longer the neck, the greater the probability
of readjustment of the aortic axis and angle remodeling. For complex morphologic and severe
angle presentations, oversizing the graft above 20% is mandatory [22]: when an endograft is
implanted in an angulated aortic neck, it might not land perfectly in line with the vessel but
rather angulated, which decreases the “effective” amount of oversizing. [23] Due to the prob-
ability of asymmetric deployment of the device (which tends to follow the guide wire path)
the functional neck assumes a more elliptical shape—being necessary the election of larger main
body diameters to guarantee uniformity of the stent-graft contact to the arterial wall [22].

Thrombus and calcifications: The presence of thrombus or atherosclerotic plaques over 50% or
two-thirds of the neck’s circumference prevents ideal proximal sealing, with potential type 1a
endoleak evolution. Thus, EVAR is not recommended for these cases. Furthermore, it can cause
atero/thrombo embolic complications by manipulating endovascular instruments (to visceral
branches and distal arteries) [13, 14, 24]. On the presence of a heavily calcified neck, the Ovation
Prime (Endologix Inc., Irvine, CA) becomes an alternative due to the polymer properties of fill-
ing the gaps between the vessel wall and the graft’s fabric, warranting appropriate sealing [16].
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b. The distal neck:

The distal neck is defined as the bottom site for endograft’s anchorage and sealing. It can be
analyzed by length, diameter, angulation with the aortic axis, and tortuosity of the access
vessels (external iliac and femoral arteries).

Length: It should be longer than 10 mm. When given extreme tortuosity, longer lengths are
recommended [6]. Thus, the greater the graft’s area of contact to the arterial wall at the distal
neck, the greater are the friction forces that will restrict stent migration and type 1b endole-
aks [25]. Also, the most proximal to the hypogastric ostium is the prosthesis; the greater is
the stability untowardly to its migration [26]. Along with the support, iliac fixation is associ-
ated with factors related to proximal migration of the endografts [27]. Short iliacs can lead to
device unbalance and when a 25 mm iliac total length is not feasible (due to its curtailment),
progression of the graft to the external iliac artery must be considered. Alternatively, aorto-
monoiliac stent grafts with femoro-femoral bypass and common contralateral iliac plug can
be performed [28].

Diameter: A common iliac artery above 20 mm is considered to be aneurysmatic [13, 28].
Diameters of 20-24 mm can be treated with bell-bottom grafts (upon which the bottom-line
diameter is enlarged to ensure distal sealing). Bell bottoms must be placed at the nearest level
of the hypogastric ostium [28]. The larger graft limbs are of 28 mm, accessible in Ovation iX
(Endologix Inc., Irvine, CA) and Endurant II (Medtronic Vascular Inc., Santa Rosa, CA) [29,
30]. However, as in proximal necks that tend to evolve to the degenerative wall progres-
sion associated with graft migration risk, this process may also happen in the distal neck
[31]. Yet in the presence of aneurysmatic iliacs above the 24 mm diameter, the graft can be
anchored in the external iliac artery, along with hypogastric trunk coil embolization to halt
aneurysm backflow (type 2 endoleak) [13, 32, 33]. Still, preservation of one of the internal
iliacs is advocated when both common iliacs are dilated and it can be reached with the use of
branched devices (iliac side-branch device) or parallel/sandwich techniques [14, 34]. Bilateral
hypogastric coil embolization comes with the risk of buttock claudication, sexual dysfunction,
and, in extreme cases, colonic and medullar ischemia [2]. Staged procedures are justified and
considered safe with reasonable morbidity [35, 36].

Angulation to aortic axis: Iliac tortuosity can be rectified with extra support guide wire
or through-and-through technique (femorobraquial), granting uphold for the delivery sys-
tem progression [13, 37]. Angulations closer than 90 degrees may make device progression
and aneurysm sealing difficult, with risks of stent-graft kinking and thrombosis. It can be
avoided in a crossed-legs deployment design, which, in addition to contralateral cannula-
tion assistance, permits a longer length fixation of the limb and extra-column longitudinal
support [28, 38].

3. Recommendations for EVAR graft choice

There are no current studies that compare the effectiveness of aneurysm exclusion between
different endograft companies; some were performed only in observational studies. Moreover,
the available data are always relatively obsolete due to constant improvements in technology
and design.
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Figure 1. The inner-to-inner and outer-to-outer measurements.
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For the augment of EVAR graft-related durability, companies specify normatives presented
in instructions for use (IFUs) with precise information regarding device sizing and deploy-
ment. They are based under the aneurysm’s morphologic parameters and rigorous bench
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testing [39]. Patients with challenging anatomic presentations may benefit from a specific
graft’s design, delivery, and deployment attributes. Consequently, this requires a surgeon’s
better knowledge and experience for device selection [40]. In some cases although if in an
attempt to embrace EVAR for patients not eligible for OSR the IFU are neglected it will result
in significantly device failure in a mean 2 years of follow-up [39]. The most common IFU
non-adherence situation is hostile neck anatomies: proximal and distal necks below 10 mm,
angles over 60 degrees, diameters higher than 28 mm, thrombus or calcifications over 50% of
the diameter, and conical presentations. These are said to have high aneurysmatic sac growth,
early endoleak formation, and greater reintervention needs [41, 42].

An IFU compliance for each company guidance is imperative with regard to graft choice
based on diameter measurements. Diameter dimensions can be calculated from intima to
intima (inner wall) or adventitia to adventitia (outer wall) (Figure 1). When these details are
not observed, the impacts on oversizing can be clinically expressive. Stent grafts with inner-
wall measurement recommendations can be over-dimensioned if a 20% oversizing estimated
from adventitia is considered. Inversely, devices with outer-wall assessment can be under-
sized if estimated from intima. Because measurements are based on a static image of CTA
(at any point of the cardiac course), these differences can be more problematic if diameter
variations caused by aortic pulsatility seen on ECG-gated CT are considered [43].

Table 1 sums characteristics of endovascular devices according to their IFU, including diam-
eter measurements recommendations.

4. The path to EVAR access sheaths: iliacs

Traditionally, the vascular access for EVAR performance is warranted by the direct punc-
ture of the femoral artery under open surgery dissection [44]. Alternatively, the access can be
obtained by an ultra-sound guided puncture of the common femoral artery in a non-diseased
arterial segment (percutaneous technique) [45].

However, the pathway to EVAR cannot always present the favorable properties for sheath
progression. Unfavorable sizes of the device diameters, marked tortuosity, or calcifications
can prevent sheath progression augmenting the procedure’s complexity. These alterations,
when not identified in the pre-operatory period, can lead to a significant rise in morbidity
and mortality [46]. Iliac rupture is directly related to lethality and the necessity of immediate
correction, which can jeopardize the intervention’s final results. In the EUROSTAR registry,
the most common cause of primary conversion is access failure, the main body graft sheath
progression being the most responsible (the main body graft) [47].

Thus, the EVAR graft choice shall take into count the delivery component size, especially the
main body graft, compared to the size of the vessel access (iliacs) that should be compatible.
Considering that infrarenal grafts available in the market have delivery sheaths up to 24 F
(while thoracic grafts are up to 28 F) [48], the lesser iliac diameters acceptable are between
7 mm and 8 mm. In addition not to display pronounced tortuosity (over 90 degrees), iliacs
and femorals should not have calcifications that may lead to plaque dislodgement, vessel-wall
lacerations, or arterial embolizations.
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Although less frequent in daily practice, strategic alternatives are proposed for these morpho-
logic adverse presentations.

Conduits are designated for small or calcified arteries (femorals/external iliacs) and the neces-
sity of larger delivery sheaths (from 22F). Through an extraperitoneal exposure a 10 mm
dacron graft is sewed terminal laterally to the common iliac (or bottom of the aorta, in cases
of extreme iliac calcification) and externalized by counter opening in the groin, serving as a
conduit for the device progression [49].

External iliac artery straightening: In very tortuous arteries, extraperitoneal dissection and
manual rectification by traction of the iliac artery can favor sheath introduction and progres-
sion. By the end of the procedure, the redundant segment can be resected and the artery
reconstructed [50].

Brachial artery catheterization: It consists of percutaneous access of the left brachial artery
and a 035" wire passage (extra stiff of 300 cm or a 450 cm of a hydrophilic) with exterioriza-
tion through femoral access. The wire is then caudally pulled at the femoral site rectifying the
tortuosity [51].

Endoconduits: The use of an diameter oversized covered stent, followed by vessel angioplasty,
promoting an iliac “controlled rupture,” in a way to allow passage of the delivery system [50, 52].

Hydrophilic dilators (Coons, Cook Medical) are available up to 22F. They can be introduced
by femoral access and gently progressed over a stiff guide wire under radioscopy. One can
estimate the delivery sheath behavior in an adverse iliac anatomy without necessarily con-
taminating the endograft [53]. They also can, in exception, be used for careful and gradual
dilation of limiting-size iliacs.

5. Essential tools for planning and sizing with OsiriX/Horos

Table 2 sums the most important Region of Interest (ROI) tools for EVAR measuring and
image manipulation that are most commonly used in OsiriX/Horos.

Some particularities of aneurysm measurements must be noticed: it is known that when two-
dimensional (2D) images are used to evaluate 3D structures, like necks, it induces observers’
measurements’ variations [15]. To diminish the divergence, authors recommend that diameters
should be estimated under a 3D reconstruction of the centerline lumen (CLL) [15, 54]. Some
software can perform the centerline reconstruction automatically (like the Aquarius iNtuition
and OsiriX, when the specific EVAR plug-in/sovamed.com or unofficial plug-ins like CMIV CTA
Tools are installed) but intrinsic errors of self-regulating algorithms may occur. Because an auto-
matically constructed centerline always follows the middle of contrast line, it won’t observe the
aortic axis in a saccular aneurysm, for example, deviating its route. By doing so, the transversal
images perpendicular to the CLL may sometimes not represent the actual size of the vessel.

This is why concepts of central lumen flow (CLF) are used: It tends to considerate the prelimi-
nary location of the wire paths and endografts, along with aortic migration (Figure 2). For this
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Figure 2. Central lumen line (CLL) construction (left) and Central lumen flow (CLF, right).
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Figure 3. Orthogonal exposure of the aorta perpendicular to its axis, when sagittal and coronal planes are corrected.

reason, it seems justifiable that diameter measurements should instead be obtainable from
orthogonal projections (CTA under 3D MPR reconstruction) (Figure 3) [6].

However, it is difficult to recognize the correspondent vessel segment assessed in MPR on
a CLF-reconstructed image. This causes the length measurements not so precise if related
directly to the different levels of aortic dimensions in an orthogonal view. For that reason, it is
proposed that the orthogonal projections on MPR should be marked with the 3D Point while
determining aortic’s widths. By doing so, the exact corresponding aortic segment is mark rep-
resented posteriorly in a curved-MPR centerline reformatting, promoting precise longitudinal
dimensions (achievable by moving the rulers between two previously marked 3D points).

6. Planning EVAR: Neck total length exposure —The renal artery
ostial projection technique

The intraoperative assessment for the stent-graft deployment is usually guided by aortic
neck’s angiography, which provides a 2D view prone to the parallax effect (an artifact caused
by overlaying structures of different levels in a single image). Therefore, the proximal neck of
AAA and/or too angulated iliac arteries may hinder accurate visualization of the ostium of the
renal artery. A suboptimal positioning of the X-ray equipment for image capture can cause an
overlapping of branches along with neck tortuosity, restraining the correct judgment and use
of the entire neck’s length for graft fixation and proximal sealing.

Thus, the finest way to prevent this artifact is by determining preoperatively the optimal
intraoperative disposition of the fluoroscopy unit, with a perfectly perpendicular view to the
origin of the LRA [22]. The technique described here is intended to promote the LRA visu-
alization, exposed orthogonally to its emergence and perpendicularly to the aortic axis of
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aneurysm’s neck [55]. It offers an alternative to the Broeders and Blankensteijn technique [56],
to the foreknowledge of the C-arm optimal positioning.

Using concepts of geometric correction and through the manipulation of DICOM images in
OsiriX/Horos software, it is possible to trace the same angle of renal artery’s ostial exposure
in intraoperative 2D imaging (contrast angiography). The LRA ostial perpendicular view is
obtained by 3D-MPR CTA reconstruction and the manipulation of sagittal and coronal layers
in order to obtain the true axial image of the aorta. This exposure practically corrects any
rotational effects of the aortic neck caused by tortuosity of AAA, with a near-perfect circum-
ferential slice of the aorta.

The frame, that displays a slice 90 degree to the aortic axis, is then marked with the 3D point
tool that allows a permanent voxel signal to the CTA volume. Three points are settled in an
equilateral circumscribed triangle shape array [57] (one point in the anterior wall and two in
the posterior), of which the anterior point is oriented by the tangent line of the LRA ostium.
The points-marked voxels are then reproduced under a 3D-by-volume rendering, preserving
their spatial properties [58]. As in spatial geometry, three points are always coplanar; and if a
rotation of the 3D by volume promotes the points alignment along a single axis (and equidis-
tant), an orthogonal exposure of aneurysm’s neck related to the LRA is achieved (Figure 4)
[55]. The angles that are necessary to reproduce the same ostial LRA exposure intraopera-
tively are automatically provided by the software (right corner of the 3D-by-volume render-
ing image). When these angles are recreated during radioscopic contrast angiography the
images are alike (Figure 5). The deployment of endografts that has proximal markers (at least
three) under this optimal angulation demonstrates them visible in a straight-line formation,
just as when these markers are used to the C-arm gantry-angle fine-tuning [15]. Therefore,
this technique allows the software to simulate these proximal marks (with the advantage of
also exposing the renal artery ostia free of parallax).

Figure 4. Above: tangent targeted from the projection of the LRA and intraluminal positioning for beginning 3D point
marking. Below: construction of the equilateral circumscribed triangle and geometric representation of the points
triangular array (for the exemplified case).
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Figure 5. Alignment of the 3D points in 3D-by-volume rendering. The automatic angulation is provided automatically
by the software (green arrow, right corner). When reproduced in the radioscopic device, the foreseen image and the
intraoperative angiography are the same.

The closer is this fluoroscopic incidence correction to the software's tomographic reproduc-
tion, the more careful is the LRA visualization and the better the exploitation of aortic’s neck
for anchorage and sealing —and the more accurate is the endograft deployment. By applying
these concepts of spatial geometry in order to systematically achieve the best angle for LRA
ostial exposure, it is possible to reduce variations between different CTA examinators dur-
ing EVAR planning. When ensuring the reproducibility of the technique, errors of personal
interpretation are reduced.

7. Planning EVAR: The virtual fluoroscopy preset

In addition to precise measurement—such as diameters, lengths, and angles [7]—and the
analysis of the characteristics of the aneurysm, it is possible to get a better use of information
such as topographic positioning of visceral arteries and their respective references under a
radioscopic view.

This technique grants the intraluminal placement prediction of angiographic catheters and
radioscopic analysis during EVAR [58]. In a 3D-by-volume rendering, using the pre-defined
bone CT reconstruction and the pencil preset, one can adapt and modify the tomographic values
of windowing, color lookup table (CLUT), and shading which in turn define brightness, contrast,
and color range of the image. At this new setting, the name of virtual fluoroscopy (VRF) can be
assigned and recreated in other OsiriX/Horos platforms, becoming a replicable format (Figure 6).

Then, markings of the renal arteries on axial projections are performed (with the 3D point
command). Again, the points-marked voxels (now embodied as renal vessels) are reproduced
when submitted under any CTA reconstruction, preserving their volumetric properties. Once
the exam is subjected to a 3D-by-volume rendering using this VRF preset, the renal arteries
(and other visceral branches of interest that could be previously pointed) may be assessed in
relation to a simulated fluoroscopy image (Figure 7).

Then, additional annotations can be made regarding the renal arteries” position referring to
the vertebral axis. Also, guided by these images, it is possible to minutely predict aneurysm
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Settings summary

WL: 3648 WW: 6922

CLUT: No CLUT (B-bit)

Opacity: Logarithmic Inverse Table

Shadings: Off

Filter: (none).

Projection: Parallel

Background: red:100%, green:98%, blue:98%

Save infos:
Mame: VRF Preset
Group: Basic )

Cancel

Figure 6. The Virtual Fluoroscopy Preset.

Figure 7. The Virtual Fluoroscopy and its correlation to the intraoperative fluoroscopy.

neck location (when under intraoperatory fluoroscopy acquisition), as well as estimate the
ideal positioning of the diagnostic catheters for digital subtraction angiography (DSA) at the
moment of stent-graft deployment. Vertebral osteo-degenerative alterations identified in VRF
can easily be recognized intraoperatively, enhancing vessel navigation without the necessity
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of consecutive angiographies so as to identify visceral branches’ position. In addition, an
improved position of the C-arm unit so as to reduce the interference from the parallax effect
is foreseen (Figure 8).

However, the ideal positioning of the X-ray equipment during the surgical procedure may be
different than expected during the preoperative study. It is considered that the aneurysm neck
can possibly shorten or lengthen higher than expected in the intraoperatory, because of the influ-
ence of inserted extra-support guide wires or the endograft itself [59]. Even so, although aneu-
rysm’s neck angulation, can change the ostial position of renal arteries/visceral branches does
not expressively shift [22, 60]. This does not compromise comparisons between images formed
by the VRF preset from those radioscopically composed, but this difference can be significant
if fusion of pre procedural images are overlayed to real time fluoroscoy (VREF vs. fluoro) [60].

The 3D-by-volume rendering adjusts the voxel’s attenuation coefficient at a scale of color and
degree of opacity (transparency) along the axes. Thus, it preserves information of depth and
shows better spatial distribution of structures along with an enhanced-by-light (shading) 3D
effect [7]. The manipulation of these data (the dose distribution radiated to a surface) allows
the visualization of the maximum intensity projection (MIP), which demonstrates the densest
voxel (higher attenuation coefficient). They are displayed as opaque areas of high contrast (as
bone surfaces) and as transparent values of low attenuation (soft tissues). Even if there are
overlaid images of different depths in the same drawing (i.e., structures that when superim-
posed compete with the density of others of interest, like the aorta), this is a “desirable” effect
when the aim is to simulate a gray-scale CTA image of a single bi-planar fluoroscopy.

Carefully, by studying the CTA under VRF, one can reduce the number of intraoperative
angiographies in an attempt to obtain the best angiographic capture that provides the loca-
tion of renal arteries and aneurysm neck for graft deployment. The closer is this angiographic
reproduction to virtual fluoroscopy, the more careful is the surgeon’s inspection of the renal
arteries’ location and the better will be the use of aneurysm neck for fastening and sealing
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Figure 8. The complete “beyond basics” study of CTA.
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endoprosthesis; being more accurate EVAR execution while the total volume of contrast used
is smaller and reducing renal overload in vulnerable patients. Consequently, optimizing these
surgical steps comes also with lesser radiation dose exposure.

8. Routine for EVAR planning and sizing

These steps are the same used at the Vascular Surgery Department (the University of
Campinas, Brazil) and validated prospectively in 2015 [61].

* a3D-MPR view of thick coronal slice with renal artery exhibition and aortic iliac axis;

* asketch of the obtained figure in an individualized sheet, with the patient’s personal data
and surgical details (date, performing physician, surgical team, etc.);

* recognition of the LRA (which is posteriorly confirmed after centerline construction);

¢ angle definition of the aortic neck to the suprarenal axis, aortic aneurysm, and iliac axis in
3D MPR;

¢ diameter measurements in orthogonal 3D-MPR exposure, perpendicular to aortic axis and
oriented to the inner curve of the artery;

the aortic width above the uppermost renal artery;

diameters along aneurysm’s neck, starting immediately after the LRA—from 3 to 5 mea-
surements (for non-cylindrical necks). Segments where the difference between proximal
and distal widths are above 15% for cylindrical and 20% for reverse-tapered shapes
should not be considered as part of the necks;

the largest AAA diameter;
the distal aortic diameter (pre-bifurcation) and distal lumen aortic width;

diameters along the right-common iliac artery, from 3 to 5 measurements (for non-
cylindrical iliacs);

diameters along the left-common iliac artery, from 3 to 5 measurements (for non-cylin-
drical iliacs);

diameters of external iliacs and common femorals (access vessels study);

* Voxel signaling with the 3D Point tool of the aortic lumen, at the center, in an orthogonal
perpendicular view:

immediately after the LRA (aortic neck’s first measurement);
the lowest aortic neck’s diameter;
at the aortic bifurcation;

at the emergence of hypogastric ostium bilaterally;
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¢ the CLF construction in curved 3D-MPR with the curved path reformation (CPR) tool.

* Creation Mode: It is an outline draft disposure of aortic flow essential to the path ori-
ented by the slightly inner curve in angulated aneurysms.

» Editing Mode: It is the fine tuning of the centerline, between two previously constructed
orientation marks.

¢ Length measurements are obtained by positioning the vertical rulers along the centerline
(from A to B, from B to C, or from A to C). When the mouse cursor moves along the refor-
matted centerline image a highlighted correspondent dot moves along the CPR path in the
three planes (axial, sagittal, and coronal). The measuring bars A/B/C are positioned over
the previously 3D pointed (marked) references (previous step): points after the LRA and the
lowest aortic neck measurement/the aneurysm extension/the common iliac segments/the
infrarenal distance to aortic bifurcation and to hypogastric ostium, bilaterally (Figure 9).

¢ C-arm gantry angle obtainment for neck visualization with LRA ostium exposure by the
triangulation technique.

A 4 A

}\ mEE 1 ’L%E;?’n. 2010

Figure 9. Summary of EVAR sizing.
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¢ The positioning of renal arteries and aneurysm’s neck itself is related to the vertebral axis,
as long as one can anticipate the optimal positioning of angiographic catheters for image
acquisition, by the VRF preset.

9. Conclusions

The use of OsiriX/Horus as a complementary tool allows doctors to assist in the preparation
of surgeries (as endovascular) extending it beyond the field of diagnostic radiology. These
tasks can be easily incorporated into the armamentarium of the surgeon to avoid pitfalls and
unforeseen situations that are identified intraoperatively, increasing the operatory risk and
often times leading to intervention failure.

This chapter presents simple techniques which are of great practical importance in planning
interventional treatments. The ability to manipulate digital formats of medical images allows
the recovery of a larger volume of data and grants that interventional procedures can be
performed more efficiently, with less time for image projection adjustment, contrast injec-
tions, and exposure to ionizing radiation. As a result, one can obtain the impact in relation to
the improvement of the surgical technique, translated into the less use of contrast, reduced
surgical time, and intraoperative bleeding.

New ways to adapt this software have increased by expanding its use to new tasks. Our pro-
posal is to create the familiarity of professionals and encourage demystified practice of this
computer program, an essential tool in surgical planning, where more and more procedures
are guided by images.

Acknowledgements

We thank Dr Ana Terezinha Guillaumon, M.D., Ph.D., Chief of the Division of Vascular
Surgery of the University of Campinas Surgery Department, because of whom the implanta-
tion of these protocols was possible and we had full unrestricted support.

Conflict of interest

None.

Author details

Giovani José Dal Poggetto Molinari
Address all correspondence to: drgiovani.molinari@uol.com.br

University of Campinas, Campinas, Brazil

77


http://dx.doi.org/10.5772/intechopen.78018

78 Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

References

[1]

[12]

Parodi JC, Ferreira LM. Ten-year experience with endovascular therapy in aortic aneu-
rysms. Journal of the American College of Surgeons. 2002;194(1 Suppl):S58-566

Chaikof EL, Brewster DC, Dalman RL, Makaroun MS, Illig KA, Sicard GA, et al. SVS
practice guidelines for the care of patients with an abdominal aortic aneurysm: Executive
summary. Journal of Vascular Surgery. 2009;50(4):880-896

Arhuidese IJ, Salami A, Obeid T, Qazi U, Abularrage CJ, Black JH, et al. The age effect
in increasing operative mortality following delay in elective abdominal aortic aneurysm
repair. Annals of Vascular Surgery. 2015;29(6):1181-1187

Wyers MC, Fillinger MF, Schermerhorn ML, Powell R], Rzucidlo EM, Walsh DB, et al.
Endovascular repair of abdominal aortic aneurysm without preoperative arteriography.
Journal of Vascular Surgery. 2003;38(4):730-738

Espinosa G, Marchiori E, Aratijo AP, Caramalho MF, Barzola P. Abdominal aorta mor-
phometric study for endovascular treatment of aortic aneurysms: Comparison between
spiral CT and angiography. Revista brasileira de cirurgia cardiovascular: orgao oficial
da Sociedade Brasileira de Cirurgia Cardiovascular. 2002;17(4):323-330

de Almeida Sandri G, Ribeiro MS, Macedo TA, Vrtiska T, Oderich GS. Planning endo-
vascular aortic repair with standard and fenestrated-branched endografts. The Journal
of Cardiovascular Surgery. 2017;58(2):204-217

Kuroki IR, Magalhaes FV, Rizzi P, Coreixas IMH. Angiotomografia. In: Brito CJ, editor.
Cirurgia Vascular: cirurgia endovascular, angiologia. 3a ed. Rio de Janeiro: Revinter;
2013. pp. 438-496

Ferreira MMDYV, Azevedo LL, d'Utra GN, Cunha RS. Aneurismas da Aorta Toracica e
Toracoabdominal - Tratamento Endovascular. In: Brito CJ, editor. Cirurgia Vascular:
cirurgia endovascular, angiologia. 3a ed. Rio de Janeiro: Revinter; 2013. pp. 689-736

Walls MC, Thavendiranathan P, Rajagopalan S. Advances in CT angiography for periph-
eral arterial disease. Cardiology Clinics. 2011;29(3):331-340

Pitoulias GA, Donas KP, Schulte S, Aslanidou EA, Papadimitriou DK. Two-dimensional
versus three-dimensional CT angiography in analysis of anatomical suitability for stent
graft repair of abdominal aortic aneurysms. Acta Radiologica. 2011;52(3):317-323

Walker TG, Kalva SP, Ganguli S, Oklu R, Salazar GM, Waltman AC, et al. Image optimi-
zation during endovascular aneurysm repair. AJR American Journal of Roentgenology.
2012;198(1):200-206

Rousseau H, Chabbert V, Maracher MA, El Aassar O, Auriol J, Massabuau P, et al.
The importance of imaging assessment before endovascular repair of thoracic aorta.
European journal of vascular and endovascular surgery: the official journal of the
European Society for Vascular Surgery. 2009;38(4):408-421



[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Planning and Sizing with OsiriX/Horos
http://dx.doi.org/10.5772/intechopen.78018

Ristow A, Vescovi A, Massiére BV, Correa MP, Paludetto G. Aneurisma da Aorta
Abdominal - Tratamento pela Técnica Endovascular. In: Brito CJ, editor. Cirurgia Vascular:
cirurgia endovascular, angiologia. 3a ed. Rio de Janeiro: Revinter; 2013. pp. 799-877

Lobato AC. Aneurisma de Aorta Infrarrenal. In: Lobato AC, editor. Cirurgia Endovascular.
2nd ed. Sdo Paulo: Instituto de Cirurgia Vascular e Endovascular de Sao Paulo; 2010

de Vries JP. The proximal neck: The remaining barrier to a complete EVAR world.
Seminars in Vascular Surgery. 2012;25(4):182-186

Wang S, Hicks CW, Malas MB. Neck diameter and inner curve seal zone predict endo-
graft-related complications in highly angulated necks after endovascular aneurysm
repair using the Aorfix endograft. Journal of Vascular Surgery. 2017

O'NEeill S, Collins A, Harkin D. Limb occlusion after endovascular repair of an abdomi-
nal aortic aneurysm: Beware the narrow distal aorta. Irish Journal of Medical Science.
2012,181(3):373-376

Kalef-Ezra JA, Karavasilis S, Kouvelos G, Dristiliaris D, Michalis LK, Matsagkas M.
Endovascular abdominal aortic aneurysm repair: Methods of radiological risk reduc-
tion. The Journal of Cardiovascular Surgery. 2011;52(6):769-778

van Keulen JW, Moll FL, Tolenaar JL, Verhagen HJ, van Herwaarden JA. Validation of a
new standardized method to measure proximal aneurysm neck angulation. Journal of
Vascular Surgery. 2010;51(4):821-828

Ltd. V. Anaconda ONE-LOK Stent Graft System. Anaconda Iliac Stent Graft System.
Anaconda AAA Stent Graft System Aortic Cuff. Instructions for Use

Lombard I. Instructions for use. Aorfix AAA flexible stent graft system and Aorfix plus
AAA flexible stent graft system. With Aorflex Delivery Device

van Keulen JW, Moll FL, van Herwaarden JA. Tips and techniques for optimal stent
graft placement in angulated aneurysm necks. Journal of Vascular Surgery. 2010;52(4):
1081-1086

van Prehn ], Schlosser FJ, Muhs BE, Verhagen HJ, Moll FL, van HerwaardenJA. Oversizing
of aortic stent grafts for abdominal aneurysm repair: A systematic review of the benefits
and risks. European journal of vascular and endovascular surgery: the official journal of
the European Society for Vascular Surgery. 2009;38(1):42-53

BaumannF, Ganghi R, Pena C, Katzen B. Principia’s Gerais do Tratamento dos Aneurismas de
Aorta Toracica e Abdominal. In: Carnevale FC, editor. Tratado de Radiologia Intervencionista
e Cirurgia Endovascular. 1a ed. Rio de Janeiro: Thieme Revinter Publica¢des; 2017

Thara T, Komori K, Banno H, Kodama A, Yamamoto K, Sugimoto M. Relationship
between the distal migration and length of the distal landing zone after endovascular
aneurysm repair (EVAR). Surgery Today. 2016;46(1):56-61

Heikkinen MA, Alsac JM, Arko FR, Metsanoja R, Zvaigzne A, Zarins CK. The impor-
tance of iliac fixation in prevention of stent graft migration. Journal of Vascular Surgery.
2006,43(6):1130-1137. discussion 7

79


http://dx.doi.org/10.5772/intechopen.78018

80 Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Waasdorp EJ, de Vries JP, Sterkenburg A, Vos JA, Kelder HJ, Moll FL, et al. The associa-
tion between iliac fixation and proximal stent-graft migration during EVAR follow-up:
Mid-term results of 154 talent devices. European journal of vascular and endovascular
surgery: the official journal of the European Society for Vascular Surgery. 2009;37(6):
681-687

Zarins CK, Waasdorp E. Opgdes Técnicas para Correcao Endovascular do Aneurisma
da Aorta Abdominal com Artéria Iliaca Comum Ectasica, Aneurismatica ou Curta. In:
Lobato AC, editor. Tratamento Endovascular das Complicagdes Aorto-Iliacas. 1st ed.
Sao Paulo: Instituto de Cirurgia Vascular e Endovascular de Sao Paulo; 2008

Inc. MV. Endurant IT AAA Stent Graft System: Instructions for Use; 2015

Trivascular I. Ovation prime abdominal stent graft system with the ovation iX iliac stent
graft. Instructions for Use. 2015

Kaladji A, Cardon A, Laviolle B, Heautot JF, Pinel G, Lucas A. Evolution of the upper
and lower landing site after endovascular aortic aneurysm repair. Journal of Vascular
Surgery. 2012;55(1):24-32

Mehta M, Veith FJ, Ohki T, Cynamon ], Goldstein K, Suggs WD, et al. Unilateral and bilat-
eral hypogastric artery interruption during aortoiliac aneurysm repair in 154 patients: A
relatively innocuous procedure. Journal of Vascular Surgery. 2001;33(2 Suppl):527-532

Parlani G, Zannetti S, Verzini F, De Rango P, Carlini G, Lenti M, et al. Does the presence
of an iliac aneurysm affect outcome of endoluminal AAA repair? An analysis of 336
cases. European journal of vascular and endovascular surgery: the official journal of the
European Society for Vascular Surgery. 2002;24(2):134-138

Saengprakai W, van Herwaarden JA, Georgiadis GS, Slisatkorn W, Moll FL. Clinical
outcomes of hypogastric artery occlusion for endovascular aortic aneurysm repair.
Minimally Invasive Therapy & Allied Technologies. 2017;26(6):362-371

Criado FJ, Wilson EP, Velazquez OC, Carpenter JP, Barker C, Wellons E, et al. Safety of
coil embolization of the internal iliac artery in endovascular grafting of abdominal aortic
aneurysms. Journal of Vascular Surgery. 2000;32(4):684-688

Wolpert LM, Dittrich KP, Hallisey M]J, Allmendinger PP, Gallagher JJ, Heydt K, et al.
Hypogastric artery embolization in endovascular abdominal aortic aneurysm repair.
Journal of Vascular Surgery. 2001;33(6):1193-1198

Al Shammari M, Taylor P, Reidy JF. Use of through-and-through guidewire for deliv-
ering large stent-grafts into the distal aortic arch. Cardiovascular and Interventional
Radiology. 2000;23(3):237-238

Ramaiah VG, Thompson CS, Shafique S, Rodriguez JA, Ravi R, DiMugno L, et al.
Crossing the limbs: A useful adjunct for successful deployment of the AneuRx stent-
graft. Journal of endovascular therapy: an official journal of the International Society of
Endovascular Specialists. 2002;9(5):583-586



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Planning and Sizing with OsiriX/Horos
http://dx.doi.org/10.5772/intechopen.78018

Herman CR, Charbonneau P, Hongku K, Dubois L, Hossain S, Lee K, et al. Any nonadher-
ence to instructions for use predicts graft-related adverse events in patients undergoing
elective endovascular aneurysm repair. Journal of Vascular Surgery. 2018;67(1):126-133

Bastos Goncalves F, Rouwet Ellen V, Metz R, Hendriks JM, Vrancken Peeters M, Muhs
BE, et al. Device-specific outcomes after endovascular abdominal aortic aneurysm
repair. The Journal of Cardiovascular Surgery. 2010;51(4):515-531

Aburahma AF, Campbell JE, Mousa AY, Hass SM, Stone PA, Jain A, et al. Clinical out-
comes for hostile versus favorable aortic neck anatomy in endovascular aortic aneurysm
repair using modular devices. Journal of Vascular Surgery. 2011;54(1):13-21

Schanzer A, Greenberg RK, Hevelone N, Robinson WP, Eslami MH, Goldberg R], et al.
Predictors of abdominal aortic aneurysm sac enlargement after endovascular repair.
Circulation. 2011;123(24):2848-2855

lezzi R, Dattesi R, Pirro F, Nestola M, Santoro M, Snider F, et al. CT angiography in stent-
graft sizing: Impact of using inner vs. outer wall measurements of aortic neck diam-
eters. Journal of endovascular therapy: an official journal of the International Society of
Endovascular Specialists. 2011;18(3):280-288

Phade SV, Garcia-Toca M, Kibbe MR. Techniques in endovascular aneurysm repair.
International Journal of Vascular Medicine. 2011;2011:964250

Lee WA, Brown MP, Nelson PR, Huber TS. Total percutaneous access for endovascular
aortic aneurysm repair (“Preclose” technique). Journal of Vascular Surgery. 2007;45(6):
1095-1101

Peterson BG, Matsumura JS. Creative options for large sheath access during aortic
endografting. Journal of Vascular and Interventional Radiology: JVIR. 2008;19(6 Suppl):
522-526

Cuypers PW, Laheij R], Buth J. Which factors increase the risk of conversion to open
surgery following endovascular abdominal aortic aneurysm repair? The EUROSTAR
collaborators. European journal of vascular and endovascular surgery: the official jour-
nal of the European Society for Vascular Surgery. 2000;20(2):183-189

Murray D, Ghosh ], Khwaja N, Murphy MO, Baguneid MS, Walker MG. Access for
endovascular aneurysm repair. Journal of endovascular therapy: an official journal of
the International Society of Endovascular Specialists. 2006;13(6):754-761

Criado FJ. Iliac arterial conduits for endovascular access: Technical considerations. Journal
of endovascular therapy: an official journal of the International Society of Endovascular
Specialists. 2007;14(3):347-351

Yano OJ, Faries PL, Morrissey N, Teodorescu V, Hollier LH, Marin ML. Ancillary tech-
niques to facilitate endovascular repair of aortic aneurysms. Journal of vascular surgery.
2001;34(1):69-75

Criado FJ, Wilson EP, Abul-Khoudoud O, Barker C, Carpenter J, Fairman R. Brachial
artery catheterization to facilitate endovascular grafting of abdominal aortic aneurysm:
Safety and rationale. Journal of Vascular Surgery. 2000;32(6):1137-1141

81


http://dx.doi.org/10.5772/intechopen.78018

82 Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Wu T, Carson ]G, Skelly CL. Use of internal endoconduits as an adjunct to endovascular
aneurysm repair in the setting of challenging aortoiliac anatomy. Annals of Vascular
Surgery. 2010;24(1):114 e7-114el1

Criado FJ, Gashti M. Técnicas de Acesso Vascular no Implante de Endoprétese Adrtica:
como evitar problemas e prevenir complicacdes. In: Lobato AC, editor. Tratamento
Endovascular das Complicagdes Aorto-Iliacas. 1st ed. Sao Paulo: Instituto de Cirurgia
Vascular e Endovascular de Sao Paulo; 2008

Gisbert SMM, Garcia JMZ, Palonés FJG, Juan PB, Montoya MR, Monzén EO. Diferencias
entre la planificacion del tratamiento endovascular de aneurismas de aorta abdominal
con reconstruccién tridimensional vs tomografia computarizada y angiografia, y su
impacto clinico. Angiologia. 2014;66(4):183-189

Molinari GJ, Dalbem AM, Menezes FH, Guillaumon AT. Proposal of renal artery's ostial
projection under virtual geometric correction in infrarenal aneurysms: Initial results of
a pilot study. Revista brasileira de cirurgia cardiovascular: orgao oficial da Sociedade
Brasileira de Cirurgia Cardiovascular. 2014;29(1):78-82

Broeders IA. Blankensteijn JD. A simple technique to improve the accuracy of proximal
AAA endograft deployment. Journal of endovascular therapy: an official journal of the
International Society of Endovascular Specialists. 2000;7(5):389-393

Rigonatto M. Triangulo equildtero inscrito numa circunferéncia. [cited 2013 May 22].
Available from: http://www.mundoeducacao.com/matematica/triangulo-equilatero-
inscrito-numa-circunferencia.htm

Molinari GJ, Dalbem AM, Guillaumon AT. The use of virtual resources in preop-
erative preparation of infrarenal aneurysms: Exploring the OsiriX's potential. Revista
brasileira de cirurgia cardiovascular: orgao oficial da Sociedade Brasileira de Cirurgia
Cardiovascular. 2014;29(2):279-284

Oderich GS, Malgor RD. Aneurisma da Aorta toracoabdominal. In: Lobato AC, editor.
Cirurgia Endovascular. 2nd ed. Sao Paulo: Instituto de Cirurgia Vascular e Endovascular
de Sao Paulo; 2010. pp. 695-742

Maurel B, Hertault A, Gonzalez TM, Sobocinski J, Le Roux M, Delaplace], et al. Evaluation
of visceral artery displacement by endograft delivery system insertion. Journal of

endovascular therapy: an official journal of the International Society of Endovascular
Specialists. 2014;21(2):339-347

Molinari GJ, Guillaumon AT, Dalbem AM. Efficacy analysis of a script-based guide for
EVAR execution: Is it possible to reduce patient exposure to contrast, operative time
and blood loss even when advanced technologies are not available? Brazilian Journal of
Cardiovascular Surgery. 2015;30(6):650-656


http://www.mundoeducacao.com/matematica/triangulo-equilatero

Chapter 5

Abdominal Aortic Aneurysm and Malignancies

Jiri Molacek, Karel Houdek, Petr Novak, Jan Baxa,
Vaclav Opatrny and Vladislav Tfeska

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76811

Abstract

Concomitant AAA and abdominal malignancy are always very complicated conditions
requiring early management of both pathologies. This is undoubtedly a dilemma for a
surgeon who cannot currently rely on any large randomized trials or mandatory guide-
lines. When making decisions, a surgeon most often relies on personal experience, the
experience of his/her center and/or limited literary guidelines and recommendations.
Efforts should be aimed at achieving a consensual multidisciplinary decision about
which pathology requires “more acute” management. The decision-making process is
easier if one of the pathologies is life-threatening, and such pathology should be man-
aged first. In most cases, however, AAA is asymptomatic and a malignancy is found
randomly, as a secondary finding during the follow-up of AAA patients, or vice versa,
AAA is found randomly during the staging of cancer patients. In these cases, the thera-
peutic algorithm already admits several possible variants. Endovascular repair of AAA
(EVAR) resulted in an absolute change in the management of these patients. EVAR can be
used in simultaneous or stage procedures with minimal time delay. Also, surgical open
resection is an option (simultaneously or staged). It is necessary to know the advantages
and risks of all approaches.

Keywords: abdominal aortic aneurysm, malignancy, single stage surgery, endovascular
surgery, simultaneous treatment

1. Introduction

The incidence of abdominal aortic aneurysm (AAA) has been increasing steadily over the last
40 years [1], and according to recent literature data, it ranges from 15 to 37 cases per 100,000
population per year, while the prevalence is about 5% in men above 65 years of age [2, 3].
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Although the incidence of gastrointestinal or genitourinary tract tumors differs in different
parts of the world, these are some of the most common intra-abdominal malignancies.

It is therefore logical that AAA can from time to time be diagnosed concurrently with solid
tumors in the abdominal cavity. The incidence of AAA and concurrent malignancy in the
abdominal cavity is about 3-13% [4-6]. Some risk factors are common in the etiopathogenesis
of both AAA and colorectal carcinoma or urinary tract carcinoma. Some papers even report
a higher occurrence of malignant diseases in AAA patients than in patients presenting with
atherosclerosis only [7].

One of the first papers to deal with the concomitant AAA and malignant tumor was pub-
lished by Szilagy in 1967 [8]. Its prevalence of patients with synchronous AAA and malignant
tumors was 3.9%. Of course, tremendous developments have taken place in the treatment
of both AAA and malignancies over the 50 years that have elapsed since this publication.
During this time, a number of authors have been involved in this issue. However, they
have most frequently published case reports or “single center experience” articles describ-
ing a limited population of patients, while multicenter studies have been reported rarely
[9]. Kouvelos is one of the few authors who has tried to present a larger group of patients in
his meta-analysis [10]. However, we still lack a large randomized study, and the question is
whether such study is feasible at all in this field. The reason is the huge heterogeneity of this
population. Although clear indications criteria for AAA treatment are now widely accepted
worldwide (asymptomatic over 50-55 mm, symptomatic and rupture of course), regional
differences are still present in the treatment method (open repair/endovascular approach).
This inconsistent ‘policy” is evident both among the various countries of the world and
among the various institutions in one country. If the AAA does not meet indication criteria
for AAA therapy, tumor should be treated and AAA is not the issue for treatment at that
time.

As mentioned above, significant changes have occurred in the surgical and endovascu-
lar treatment options since the days of Szilagy, yet the basic dilemma remains the same.
Which treatment algorithm to choose? Which pathology to treat earlier? The aneurysm or
the tumor? Another option is a synchronous procedure (single-stage surgery). Even after
50 years, the answer to this question cannot be clearly answered. Nevertheless, some recom-
mendations and guidelines can be defined more clearly thanks to the development of endo-
vascular treatment for AAA (EVAR). However, the decision about the treatment strategy for
a particular patient is not always clear. The logical answer that “a more acute lesion should
be treated first” may not be sufficient in certain situations. The question is whether we are
always able to define which pathological finding (AAA or tumor) is more acute. A number
of factors may play a role in this decision. Concerning the aneurysm, these are mainly the
size, the risk of rupture, anatomy, localization, and symptoms. Concerning the tumor, such
factors may include the type, localization, biological nature (grading), extent (staging), and
the overall condition of the patient. Other factors may play a role, such as the potential need
for further neoadjuvant or adjuvant oncological treatment (chemotherapy, radiotherapy)
and, last but not least, the decision of the surgeon can be influenced by the patient’s opinion,

who may express some wishes that must be respected despite being a nonprofessional in
this field.
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Two basic extreme situations are usually beyond discussion: an AAA rupture always requires
urgent management, be it a resection or endovascular treatment. Due to the urgency of the
situation and the complexity of the procedure, we do not attempt to manage any tumor in the
vast majority of cases. Tumor management comes later, after the convalescence of the patient.
In rare cases, where AAA rupture has been managed without any circulatory problems and
without major blood loss, an intra-abdominal tumor can be managed at the same time, pro-
vided that such procedure is relatively simple and uncomplicated. An ill-considered effort
to manage everything at one time often leads to failure. An analogous situation may occur
in confirmed generalized malignancy, which we are unable to influence by therapy, and the
patient has a very limited life-expectation, thus we do not indicate any procedure even in
large AAA. If rupture occurs, we can try to perform an acute procedure, but even this remains
an ethical question. In the case of terminal phase of malignancy is ethical to refuse the sur-
gery. Fortunately, these two extreme situations do not present in the vast majority of cases in
patients with concomitant AAA and abdominal cavity tumor. More frequently, the patient is
diagnosed with AAA during CT scanning for intra-abdominal tumor staging, or vice versa, a
patient followed-up for AAA can be diagnosed with a malignancy during regular check-ups.

Then the crucial decision comes... “what first? ... or simultaneously?” It is necessary to know
the advantages and risks of the respective approaches. With the “tumor first” approach, the
patient gets the benefit of early elimination of the malignancy with a lower risk of local pro-
gression and distant spreading, but at the cost of a certain risk of rupture in the postoperative
period. An increased risk of AAA rupture after laparotomy has been repeatedly published in
the literature, whether due to changes in the abdominal cavity, local irritation of AAA, but
also due to collagenolysis caused by postoperative stress and nutritional depletion [11-13].
Subsequent chemotherapy may also have an effect on AAA [14], according to some authors.
When choosing the “AAA first” approach, we delay the removal of the malignant tumor with
its potential consequences. In this situation, however, it is absolutely crucial what type of
AAA treatment we choose. Mini-invasive EVAR, which is preferred in this case, will mini-
mally delay the tumor resection, the convalescence is very short, usually several days, and the
subsequent procedure can be performed very soon. However, we are not always in a position
to choose EVAR, either due to the AAA anatomy (angulation and neck length, tortuosity or
calcification of the iliac arteries), or purely for logistical reasons, such as the inability to obtain
the required stent-graft in time (in particular for juxtarenal or pararenal AAAs). In these cases,
we choose a resection method of treatment, which certainly leads to a significant delay in
tumor treatment. Similarly, operational stress and the subsequent catabolic phase can lead
to progression of the malignancy. Finally, in the selected group of patients, a third option,
single-stage surgery, can be chosen, and EVAR or AAA resection is performed together with
tumor resection. The main risk is the possibility of graft infection, which differs in different
types of tumor (colorectal/kidney/liver).

As mentioned above, the development of endovascular repair has played a major role in
choosing a strategy for the treatment of concomitant tumors of the abdominal cavity and
AAA in recent decades. Multiple debates have been going on around the world about the
benefits and disadvantages of open repair versus EVAR. A number of studies have been con-
ducted, usually with expected conclusions in the short-term follow-up but already slightly
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controversial within the long-term: EVAR 1, EVAR 2, DREAM, OVER [15-18]. However, the
presented results are “aging” very quickly given the continuing development of stent-grafts,
with their latest generations promising, in particular, better long-term results. Yet, in the
short-term, EVAR, of course, reduces perioperative morbidity, reduces the need for blood
transfusions, and reduces hospitalization. Similarly, there has been good development in the
surgical treatment of abdominal cavity tumors. More and more procedures can be minimally
invasive using laparoscopy or robotics, thereby reducing perioperative stress and burden for
the patient, especially when choosing a synchronous procedure or the “tumor first” strategy
[19, 20].

If the EVAR approach was chosen, we have to consider with later postoperative follow-up.
CT angiography is still gold standard but less invasive procedures as a contrast ultrasound or
even regular ultrasound are often sufficient. Periodically CTA examinations can also serve as
a dispenzarisation after malignancy resection.

Knowing the above information, we can now discuss the individual types of malignancy
and outline the treatment options. The authors present their own experience obtained at a
university clinic, which is a high-volume center for both AAA treatment and the treatment
of a complete range of malignancies. Their experiences are confronted with literary data. The
presented recommendations can be seen as personal experience, supplemented by guidelines
generally accepted in the scientific literature.

We need perfect diagnostic backgrounds to make a precise and rational decision regarding
treatment strategy. Knowledge of the size and anatomy of AAA, the local extent of the tumor,
its resectability, and staging are the key information we need to know before any surgical
procedure.

2. Diagnosis

Ultrasound is often the first tool to reveal the diagnosis of intra-abdominal malignancies and
AAA. This can include screening tests in completely asymptomatic patients or primary imaging
used to evaluate the patient’s symptoms. Later, however, it is always supplemented by more
precise techniques to better assess the specific situation. As part of the diagnosis of abdomi-
nal aortic involvement, computer tomography (CT angiography, CTA) is the method of first
choice, which precisely determines the extent of aneurysmal dilation, maximum dimension of
the aneurysm, character of the aortic wall, involvement of the visceral branches, presence of
thrombus, etc. CT scanning is able to reveal with high sensitivity and specificity an aneurys-
mal rupture which may sometimes be “covered” in the first stage and does not form a typical
hematoma in the retroperitoneum. Certainly, there have been efforts to identify “high-risk”
aneurysms that are at high risk of rapid progression and rupture. To date, only absolute dimen-
sion and rate of AAA progression have been demonstrated to be significant factors. Continued
efforts have been made to find a marker on CTA which would indicate an imminent risk of
rupture. A number of research facilities have participated in the development of software
that works with biomechanical analysis and AAA modeling to evaluate the pressure on the
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aneurysm wall, high-risk sites, the role of intraluminal thrombus, etc. [21-24]. Commercially
available software is now available that aims to predict rupture based on information obtained
from CTA. However, the research in this field is still to a certain extent experimental, and no
extensive studies have been conducted to confirm the benefits of this method for common diag-
nosis in clinical practice. In a slightly different way, research is underway to predict rupture
based on ECG-triggered CT angiography, a condition where software evaluates AAA behavior
during pulse-wave analysis. A number of studies are already available in this field, confirm-
ing that analysis of aortic wall distensibility can reveal a high-risk AAA [25, 26]. Despite all
this research, it is not yet possible to reliably distinguish a stable aneurysm, which remains
unchanged or undergoes minimal progression only over a long period of time, from aneu-
rysms at high risk of rupture even despite having a smaller dimension. CTA is often used as the
premier method for the diagnosis of tumors of the liver (requiring multiphase examination),
and kidneys, and often also for evaluating the staging of all malignant tumors in the abdominal
cavity, including stomach or colorectal tumors (Figure 1).

Digital subtraction angiography (DSA) is only minimally used in the diagnosis of AAA, and
can be used in cancer surgery for the visualization and occlusion of vessels nourishing the
malignant tumor within a specific preoperative preparation.

Magnetic resonance imaging (MRI) may be added, especially in liver tumors, but also in
tumors of the retroperitoneum or soft tissue tumors. MRI combined with contrast-enhanced
ultrasound (CEUS) or with CT safely differentiates malignant liver tumors from benign
lesions (focal nodular hyperplasia, hemangioma, and adenoma). In this way, we can obtain
key information to decide whether the tumor management can be postponed or acute treat-
ment is needed.

Figure 1. AAA and rectosigmoid tumor (CTA).
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In recent years, hybrid methods have also been added to the diagnostic portfolio, such as pos-
itron emission tomography and CT (PET CT), positron emission magnetic resonance imaging
(PET MRI). These methods, which are commonly used for the diagnosis of malignancies, or
their staging or follow-up, may also sufficiently reveal the presence of any pathology on the
abdominal aorta, including AAA (Figures 2-5). In some cases, it may also raise the suspicion
of an inflammatory etiology of AAA, and its increased risk [27, 28]. These methods are able to
reveal the extent of the malignancy with high sensitivity.

Endoscopic examination, whether esophagogastroscopy or colonoscopy, is always included
in the diagnosis of stomach, duodenal and colorectal tumors. Occasional concerns of gastro-
enterologists about the use of these endoscopic techniques in patients with a large AAA are
not based on any valid literary data. Classical colonoscopy can sometimes be replaced with
virtual CT colonography [29].

Figure 2. Multiple metastases of colorectal carcinoma in the liver and aortic dissection (PET CT).

Figure 3. AAA (PET MRI).
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Figure 4. Metastases of colorectal carcinoma in the liver (PET MRI).

Figure 5. AAA and osteolytic metastasis in the vertebral body (PET CT).

3. Gastrointestinal tract tumors

3.1. Tumors of the stomach

The most common tumor is stomach carcinoma, which is more common in men, with a
maximum occurrence in the 6th and 7th decades of life. The only curative treatment is radical
tumor resection, and total gastrectomy is indicated if the tumor is in the stomach body. Other
supportive forms of treatment, such as chemotherapy or actinotherapy, have been reported
to fail, because it is a very aggressive tumor in biological terms. If generalization is present,
no resection therapy is indicated in most cases, and therefore no procedures are indicated on
the aortic aneurysm, either. The patient’s life expectancy in these cases is several months. If a
resectable nongeneralized gastric carcinoma occurs concomitantly with AAA (about 2-3.8%)
[30], early aggressive radical therapy is advisable (Figure 6). In the event of a symptomatic
AAA or AAA at risk of rupture, it is best to indicate EVAR treatment, which can soon be
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Figure 6. AAA and stomach tumor (CTA).

followed by resection of the tumor. However, EVAR in the first stage of treatment followed
by early cancer surgery can also be indicated for asymptomatic AAA. We should not delay
the procedure on the stomach due to the biological nature of the disease, and the time interval
between the individual procedures may be several days. Stomach surgery is absolutely indi-
cated in the first stage in the case of tumor hemorrhage or perforation. Similarly, we believe
it is advisable to indicate the stomach procedure first followed by early EVAR in AAA, which
is stable and shows no risk of rupture according to the surgeon. A synchronous procedure is
also theoretically possible, especially when both findings are symptomatic or require acute
management. If the endovascular procedure is not contraindicated, we always prefer this
solution as part of the synchronous procedure. AAA resection and gastrectomy as single-
stage surgery is a very extensive procedure and would often be over-limit for the patient.
The risk of graft infection is minimal in the synchronous procedure [31-33]. If EVAR cannot
be performed for some reason, and we have to choose two-stage surgery, it is possible to use
retroperitoneal access for AAA resection (either in the first or second stage). In this way, we
can avoid penetration into the peritoneal cavity and prevent later preparation in scar tissues
during the second procedure. Similarly, a laparoscopic resection of the stomach can be chosen
within the mini-invasive approach [34-35].

Recommendation: in the most common situation, where both pathologies are asymptomatic
in terms of risk of AAA rupture or gastric bleeding, we choose malignant tumor surgery in the
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first stage and subsequently early endovascular AAA treatment. Even the reverse order of the
two-stage procedure is possible, with the stomach procedure being delayed by several days.

3.2. Colorectal tumors

Colorectal carcinomas are among the most common tumors worldwide, and many European
countries rank high in regard to their occurrence. They are relatively slow growing tumors,
but their metastatic spread often does not correlate with tumor size. Treatment consists of
tumor resection and potential subsequent adjuvant chemotherapy. Certain exceptions are
locally advanced rectal carcinoma, where preoperative neoadjuvant radiotherapy is indicated.
In colorectal tumors concomitant with AAA (about 0.5-3.9%) [30], the symptomatic pathol-
ogy should be treated first again, e.g., a tumor causing bowel obstruction (Figure 7) or bleed-
ing vs. symptomatic painful aneurysm at high risk of rupture. In most cases, however, both
lesions are asymptomatic and we have to decide about the treatment strategy. Being aware
of the higher risk of AAA rupture after previous laparotomy and of the biological nature of
colorectal carcinoma, a two-stage approach should be considered, with EVAR being indicated
early after resection of the colorectal carcinoma [11, 36]. For these types of tumors, delaying
the intestinal procedure by several days brings minimal risk of malignancy progression. This
approach is also beneficial in terms of possible early initiation of adjuvant chemotherapy fol-
lowing tumor resection. Similarly, in rectal tumor, especially if it is locally advanced and
infiltrates the surrounding structures, neoadjuvant radiotherapy is primarily indicated before
surgery. This may be complicated in the future before subsequent aneurysm surgery, whether
using the open-repair or EVAR approach. Therefore, we believe it is again more advisable to
indicate EVAR first and to treat the tumor subsequently.

This procedure can also be combined into a single-stage treatment, where EVAR is immedi-
ately followed by a surgical procedure on the intestine, where the risk of stent-graft infection

Figure 7. AAA and stenotic colon cancer (CTA).

91


http://dx.doi.org/10.5772/intechopen.76811

92  Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

is reported to be minimal even when handling the large intestine (about 0.5%) [33]. In fact, this
number is basically lower than the general risk of aortic replacement infection in open AAA
surgery. Recently, the mini-invasive approach, i.e., laparoscopic procedures on the colon and
rectum, has been increasingly used in colorectal surgery. This may extend the portfolio of our
procedures in some way, especially if AAA cannot be managed by endovascular repair. If we
decide to start with the intestinal procedure, it is more than convenient to use the laparoscopic
or robotic approach.

With our current capabilities, we are able to use the laparoscopic approach for virtually any
procedure in the area of intestinal surgery. Today, laparoscopic procedures are considered to
be a standard and noninferior compared to open surgery procedures, and continuous efforts
have been made to improve the technique and procedures to further extend the indications
and possibilities of this mini-invasive approach. Laparoscopic surgery procedures are now
also indicated in patients in whom they were previously contraindicated. The most common
cause of these contraindications was previous surgery in the abdominal cavity, obesity, or
severe comorbidities, including the presence of AAA. There are no clear literature evidence
for higher risk of AAA rupture during laparoscopy. Despite the fact that the laparoscopic
approach can be used to perform any procedure in colorectal surgery, the percentage of lapa-
roscopic procedures is still lower than that of open surgery procedures, and is about 20% in
the area of colorectal surgery. This percentage applies primarily to clinical facilities. Literary
data clearly confirm that laparoscopic procedures reduce hospitalization time, the length of
incapacity to work and return to normal life, and in our case, improve the possibility of further
surgical procedures on the aorta [37, 38]. The biggest advantage is the mini-invasive approach
itself, less trauma of the abdominal wall, less postoperative pain, less analgesics and early
rehabilitation and mobilization. Concerning obesity, this is no longer an absolute contraindi-
cation to the laparoscopic approach; patients with a body mass index (BMI) of more than 35
are commonly operated on. Obesity markedly impairs the ease of surgery, but the procedure
is usually technically feasible. The benefits of laparoscopy for this group of patients is quite
high also for another reason: these patients are often at risk of laparotomy dehiscence during
open surgery, which then leads to further surgical procedures and potentially increases the
risk of a possible AAA rupture. This is also associated with a lower percentage of general
complications in the surgical wound area. The issue of radicality, the number of lymph nodes
in the resection and survival of patients is comparable to open surgery [39].

From our point of view, a laparoscopic or robotic approach is very beneficial in situations
where we are planning an additional surgical procedure on the aorta after intestinal surgery.
One of the most important factors is that gentle mini-invasive surgery results in minimal
perioperative stress and minimal postoperative changes.

Figure 8 shows a minilaparotomy after laparoscopic resection of the upper rectum for car-
cinoma, in which EVAR was subsequently indicated for increasing AAA. Such a finding
certainly cannot be categorized as a “hostile abdomen” and further potential access to the
abdominal cavity is uncomplicated.

Recommendations: for the concomitant occurrence of asymptomatic AAA (which how-
ever meets the indication criteria for treatment) and tumor in the colorectal area, we most
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Figure 8. Status postlaparoscopic resection of the rectum.

frequently choose a staged surgery approach, where we prefer EVAR in the first stage and
subsequently the intestinal procedure (open or laparoscopic). The reverse order is also pos-
sible. In a two-stage surgical approach, we prefer to choose retroperitoneal access to the aorta.
A one-stage approach can be chosen in a selected patient group, but this is always associated
with a risk of aortic graft infection. We try to avoid this risk by specific measures (AAA resec-
tion first, colon resection is started after careful closure of the retroperitoneum, protected
vascular graft (antibiotic, silver), antibiotic prophylaxis).

4. Tumors of the liver and biliary tract

The most common primary liver tumors are primary hepatocellular carcinoma (HCC) or chol-
angiocellular carcinoma (CCC). However, secondary tumors (up to 90%) are predominant in
Europe, including metastasis of colorectal carcinoma, carcinoma of the stomach, pancreas,
kidneys, mammary glands, etc. Primary liver tumors, as well as gallbladder or biliary tract
carcinomas, are biologically very aggressive, with early generalization. Radical resection is
the only curative treatment at their early stage without generalization, and other therapeutic
methods are only palliative in nature. The incidence of concomitant AAA and primary hepa-
tocellular carcinoma is about 0.3-0.8% [30]. Even here, it is necessary to consider whether
any of the pathological findings is immediately associated with a risk of acute complications.
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If symptomatic or extensive AAA with a potentially high risk of rupture is not present, it is
preferable to first choose surgical treatment of an aggressive malignancy and subsequently
continue with an early endovascular procedure on AAA. An example of this procedure is
shown in Figures 8 and 9, which shows a coincidence of a doubtfully resectable Klatskin
tumor and asymptomatic AAA. Here, it is certainly advisable to indicate immediate treat-
ment of the malignancy in the first stage. Of course, the reverse order is also possible, starting
with EVAR followed by early tumor surgery. But in this case, we should consider the risk of
later stent-graft malposition during the procedure in the abdominal cavity. A slightly differ-
ent view is available in the case of secondary metastasis in the liver parenchyma (Figure 10).
If the disease is treatable (e.g., solitary metastasis or a limited number of colorectal carcinoma
metastases) and can be managed by liver resection, we first try to perform endovascular AAA
repair and continue with an early surgical procedure on the liver. Hepatic metastases of other
carcinomas (stomach, gallbladder, and pancreas) unfortunately mostly indicate a very poor
prognosis of the disease and no radical procedure is indicated. Even synchronous treatment,
including EVAR with hepatic resection, is generally not excluded in liver tumors. If we cannot
use EVAR, then the two-stage procedure is the method of choice, and again retroperitoneal
(Rutherford) access to the aorta can be used to prevent subsequent postoperative changes in
the abdominal cavity.

Figure 9. Klatskin tumor and AAA (PET CT).
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Figure 10. AAA and liver metastasis (PET MRI).

In the vast majority of cases, we try to avoid synchronous open AAA resection and extensive
resection of the liver, which would be associated with a disproportionate risk of high blood
loss, and a possible risk of infection of the aortic graft. Of course, synchronous treatment can
be chosen where small peripheral tumors are present that can be removed by minor resection.
More than ever, however, we must take care of precise hemostasis in the resection area (using
sutures on the clamp, thermal ablation techniques, harmonic scalpel, and so on). Cell-saver
can be helpful in these cases.

Mini-invasive ablation techniques for liver tumor destruction (cryoablation and radiofre-
quency ablation) can also be added to open AAA resection.

Recommendation: in primary malignant liver tumors (HCC, CCC), we prefer to choose
tumor resection in the first stage of treatment, followed by early EVAR. If there is no unnec-
essary delay, EVAR can be indicated in the first stage of treatment even in this case, and
cancer surgery can be added subsequently. In liver metastasis of colorectal carcinoma, we
may also allow a moderate delay in the liver procedure (often while undergoing adjuvant
chemotherapy), and therefore, it is possible to first indicate EVAR, or less frequently an open
aortic procedure. We should avoid simultaneous resection of AAA and larger resection of the
liver parenchyma due to the disproportionate risk associated with this procedure.
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5. Tumors of the kidney

The most common kidney tumors originate from the renal parenchyma, and less commonly
from the pelvis. Renal cell carcinoma affects men twice as often as women. Its maximum
occurrence is between 45 and 75 years of age. The only curative method of treatment is radical
tumor resection or nephrectomy (depending on tumor size). These tumors are rather aggres-
sive in terms of biological behavior, with early establishment of distant metastatic lesions.
The incidence of their concomitant occurrence with AAA is about 1.3-2% [30]. Again, we
should consider which pathology is more acute. EVAR can be followed by a renal procedure
virtually immediately in several days (laparoscopic management is preferred today), includ-
ing nephrectomy. Of course, the reverse order of the two-stage procedure is possible as well,
with the initial procedure on the kidney followed by early EVAR surgery. The second variant
is also supported by the existence of a potential, albeit low, risk of stent-graft malposition
during the subsequent nephrectomy. Given the close anatomical location of AAA and the kid-
ney, a simultaneous open procedure is more commonly indicated in these cases. A resection
procedure on the kidney, including nephrectomy, is relatively straightforward but does cause
additional burden for the patient compared to simple AAA resection. Especially in the case
of a left kidney tumor, we choose an optimal retroperitoneal approach, which is an optimal
approach to both the renal parenchyma and the aorta. For malignancies on the right side, we
must choose a transperitoneal approach. A typical case suitable for simultaneous open access
is shown on Figure 11, where the endovascular procedure would include a fenestrated or
branched stent-graft implantation, and the subsequent renal procedure would be associated

Figure 11. Juxtarenal AAA and renal cell carcinoma (CTA).
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with the above risks. A simultaneous open procedure in this case will optimally manage both
pathologies in a single-stage procedure. These procedures are not even associated with a
higher risk of graft infection. Advanced kidney tumors (T3, T4) with intracaval thrombus
are a specific situation, where surgical treatment is also indicated in selected patients, and
any aortic manipulation would cause a risk of fatal thrombus embolism in the pulmonary
vasculature; in this case, we prefer initial nephrectomy with cavotomy and removal of the
tumor thrombus, followed by subsequent AAA management (by an early EVAR procedure,
if possible).

Recommendations: again, a two-stage procedure can be chosen to manage the simultaneous
occurrence of AAA and kidney tumor, and the EVAR procedure should be preferred again,
irrespective of the order. It is more advisable to initiate with tumor management, followed by
a subsequent EVAR procedure, whether in terms of early malignancy management or stent-
graft malposition. However, a simultaneous open procedure; i.e., AAA resection and kidney
tumor resection, including nephrectomy, is indicated more frequently in this area.

6. Other tumors

Cases of concomitant AAA and pancreatic tumors are less common, and similar rules apply as
for primary tumors of the liver, gallbladder and biliary tract. Due to the tremendous aggres-
siveness of the tumor, the pancreatic procedure is always indicated first (unless acute AAA-
related symptoms are present), while an EVAR procedure is indicated in the second stage. In
patients with an inoperable malignant pancreatic tumor, no aortic procedure is indicated in
the vast majority of cases. Coincidence of AAA that cannot be managed by an endovascular
procedure for any reason and pancreatic tumor is a difficult situation. Here, we must pro-
ceed strictly on an individual basis and consider the optimal approach. However, an open
AAA resection with hemipancreatoduodenectomy is not possible, because this simultaneous
procedure would be associated with a disproportionate risk of perioperative and postopera-
tive complications. We therefore prefer a two-stage procedure, where it is undoubtedly more
appropriate to use the retroperitoneal access to the aorta (whether it is the first or the second
stage).

In retroperitoneal tumors, no procedure can generally be recommended, and multiple factors
should be considered, such as size and type, location, and in particular biological behavior of
the tumor. For malignant tumors, we should prefer extirpation as early as possible, while in
uncomplicated procedures, we can use simultaneous AAA resection. However, a two-stage
procedure is also available for the latter, with EVAR being preferable to open surgery.

Prostate tumors are often managed by minimally invasive surgery (laparoscopic or robotic
prostatectomy, transurethral procedures). So, prostate surgery in the first stage will have
minimal effects on the AAA or on the access to potential AAA resection. More often, however,
we choose an endovascular procedure, which can be performed simultaneously in indicated
cases. A similar approach is chosen for bladder tumors.
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7. Our experience

Our university facility includes both a center of vascular surgery with a high number of
patients treated for AAA, and a cancer center addressing a complete spectrum of all cancer
diseases. For these reasons, we repeatedly encounter patients who have been diagnosed with
concomitant AAA and a solid tumor in any location. Of course, the presence of a tumor in
the abdominal cavity is a specific situation. If a tumor occurs concomitantly with AAA in any
location other than the abdominal cavity, the decision about the treatment strategy is much
easier. In the absence of an acute indication for AAA management, surgical treatment for
the malignancy is preferable at our facility in the vast majority of cases, which is followed by
early AAA management (surgical or endovascular). A different situation occurs when AAA
is present concomitantly with an intra-abdominal cancer. We are aware that any treatment for
one pathology directly affects the other, and therefore this situation always poses a dilemma
for us, as described above, and is carefully considered in a multidisciplinary team. We always
try to manage each case on an individual basis, but we still follow certain literary guidelines
and use our personal experience.

Over the period from 2000 to 2016, we operated on 1097 patients with AAA, of which 37
patients had a concomitant malignant tumor in the abdominal cavity (3.4%). See Table 1.

For each patient, we always used an individual approach, considering the AAA size, symp-
toms and the risk of rupture, as well as the tumor type, its location, biological nature, and risk
of progression of malignancy. The general condition of the patient was also considered. We
tried to find the optimal solution in the given situation, but we also respected the patient’s
own opinion. All discussions take place in a multidisciplinary team (vascular surgeon,
radiointerventional radiologist, oncologist, and internist). Our experiences are presented in
Table 2.

The mean length of hospitalization was 14.9 (+7.1) days for a simultaneous procedure, and
12.3 (£9.3) days for a multistage procedure. The difference was not statistically significant.

The morbidity rate was 24.2% for the simultaneous procedure, and 20.1% for the multistage
procedure. Again, the difference was not statistically significant.

No vascular graft infection or stent-graft infection was recorded in any patient, either in the
simultaneous or multistage group.

The mortality rate was 11.5% for simultaneous procedures, and 6.9% for multistage proce-
dures. Here, the difference is statistically significant.

Kidney tumor 20
Colorectal tumor 13
Liver tumor 2
Stomach tumor 2

Table 1. Intra-abdominal tumors diagnosed concomitantly with AAA.
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Single stage Open repair (N =9)
N=20 EVAR (N =11)
Multistage AAA first (N =10)
N=17 Tumor first (N =7)

Table 2. Author’s institution experience.

8. Summary

Concomitant AAA and abdominal malignancy is always a very complicated condition requir-
ing early management of both pathologies. This is undoubtedly a dilemma for a surgeon who
cannot currently rely on any large randomized trials or mandatory guidelines.

Endovascular repair of AAA (EVAR) resulted in an absolute change in the management of these
patients. EVAR can be used in simultaneous or multistage procedures (in any order) with mini-
mal time delay. EVAR is also associated with a minimal risk of stent-graft infections, even in
simultaneous procedures. For these reasons, we clearly prefer EVAR in these cancer patients,
unless clear contraindications are present. Some authors also address the financial issues of the
respective options; the authors of this paper believe that in these specific and relatively rare cases,
treatment costs should not play a role in decision-making regarding the treatment strategy.
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Abstract

Endovascular approach in abdominal aortic aneurysm (AAA) treatment (EVAR) became
the treatment of choice for most patients suffering from that disease. However, a successful
endovascular therapy of the AAA depends on some key anatomical and morphological fac-
tors highly influencing the procedure outcome. Among them, the most important feature is
the anatomical situation in the aneurysm neck. The definitions of the terms “hostile neck”
and “difficult neck” are explained in order to present unfavorable conditions in the landing
zone of most commercially available stent graft models. In this chapter, a description of var-
ious criteria of the difficult neck and their basic features and shapes as well was presented.
Also, the most popular methods of solving that clinical problem were outlined. At the end,
an overall (APPROACH) strategy in the treatment of a hostile neck patient is described.

Keywords: difficult neck, hostile neck, type 1 endoleak, abdominal aortic aneurysm, EVAR

1. Introduction

The term “aneurysm neck” is used to describe an aortic fragment between the lowest renal
artery and the beginning of the aortic sack (Figure 1). That part of the aorta is used as a landing
zone for the main bodies of most commercially used stent graft systems. The neck length and
diameter as well as its shape are crucial factors leading to successful endograft implantation.

However, during the procedure planning in patients with difficult anatomy, a broader look
into the patient’s general condition, the way of accessing the vascular system and potential
benefits and risks as a result of endovascular approach, should be taken into consideration.

During qualification process, a careful look into the preoperative CT scans should be done to
avoid procedural failures, such as endoleaks, graft migration, or occlusion of the renal and
visceral arteries.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Figure 1. A definition of aneurysm neck: (a) neck length and (b) neck diameter.

From the opposite point of view, a difficult anatomical condition in the aortic neck or no neck
at all (when renal arteries originate directly from the aneurysm sac) is one of the main reasons
excluding the patient from minimally invasive option.

2. Hostile neck

2.1. Hostile neck definition

The hostile neck definition was first used by Dillavou [6] in 2003 in order to describe a set of
anatomical criteria of the proximal landing zone in patients in which an EVAR procedure was
considered.
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Stather et al. used classification criteria, defining hostile neck anatomy as any of the follow-
ing: neck length <15 mm, neck diameter >28 mm, and angulation >60 [22]. Jordan et al. in
the article in 2015 noted that difficult anatomic criteria in the aortic neck significantly influ-
ence adverse event rate [15]. The authors concluded that there is no uniform set of anatomi-
cal factors describing the term of difficult neck. Nevertheless, after the data analysis from
ANCHOR study, there are two independent risk factors leading to elevated risk of the type Ia
endoleak. These factors are neck length and diameter [10]. Other features such as neck angu-
lation (suprarenal and infrarenal), the presence of calcification, or thrombus in the neck lumen
resulted in higher rates of complications but without statistical significance [14].

Hostile neck definition however may vary, according to different stent graft models. Neck
maximum diameters and minimum lengths as well as possible suprarenal and infrarenal
angulations are different in manufacturers’ instructions for use (IFU) for particular stent graft
models. For example, a 13-mm-long neck is outside IFU of AFX and Zenith graft but may be
resolved on label with Endurant or Ovation model. Table 1 shows the most important IFU
parameters of popular stent graft models available on the market.

On the base of ENGAGE multicenter registry data [2, 23], in which a big cohort of patients
after Endurant implantation was observed, Goncalves et al. tested a set of different factors
which could lead to unfavorable procedural outcomes such as type la endoleak. Authors
identified independent risk factors significantly increasing a rate of major procedural com-
plications. These factors were neck length, female gender, AAA diameter higher than 65 mm,
calcifications, and thrombus in the neck lumen. The neck length was identified as a major risk
factor, increasing the complication rate ninefold.

In parallel to diameter and neck length, there is also a neck shape as a very important feature
which can influence on the procedure outcome.

2.2. Hostile neck types

The ideal “friendly” neck is a regular, smooth cylinder with the proper length and diameter.
In real life, about 20-25% of cases do not fulfill these criteria. Besides of variable diameter and

Diameter Min. neck  Infrarenal @ Suprarenal

Manufacturer | Model | (mm) length (mm) angle | Angle Other
[Cook [Zenith 18-32 15 60 | 45
Cordis Incraft 17-31 10 60
[Endologix [Nellix . 1828 | 10 _ 60
[Endalogix IAFX 18-28 | 15 60
Endologix (Ovation 30 | 10(=10"") = 60(45")
[Gore Anaconda | 1832 15 60 .
Wotec le-Tegra | 2436 | 15 75 | &0
Calcification or
Medtronic Endurantll | 1832 | 10(15")  60(75") | 45(60%) of parmeter
Vascutek-Terumo Anaconda 17.5-31 15 a0

Table 1. Aneurysm neck features in the instruction for the use of different stent graft models available on the market:
*neck length < 10 mm with angulation < 45°; **neck length > 15 mm with angulation < 75°.
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length and eventual presence of calcifications or thrombus mentioned before, there are also
irregularities in shape. If there is no cylindrical shape in the landing zone, the graft fabric may
not adhere enough to the aortic wall effecting in improper sealing and an endoleak occur-
rence. The most frequent “unfriendly” shape is the conical neck. Conical neck was described
as a strongest risk factor of type la endoleak by Pitoulias et al. [19] (Figure 2).

At present, as a quick reminder of the difficult neck features, an acronym SWAC is used. The
letters of an acronym are the words describing most popular types of the difficult neck:

S—short
W —wide
A—angulated

C—conical

A Ak
3y

Figure 2. Different shapes of the difficult necks: (a) short, (b) conical, (c) angulated, (d) reverse conical, (e) barrel, and (f)
dumbbell or double barrel.




Difficult Neck in Endovascular Aneurysm Repair (EVAR)
http://dx.doi.org/10.5772/intechopen.76645

Of course, SWAC acronym does not cover all features of the difficult neck definition; however,
it is very useful to remind a basic identifier of the hostile neck during a procedure planning.

3. Type Ia endoleak as a complication of hostile neck anatomy

One of the most common proximal failure representation in hostile neck cases is an occur-
rence of type la endoleak [3]. The leak channel is formed between a graft fabric and aortic
wall at the proximal part of the endoprosthesis (Figures 3 and 4). Type Ia endoleak inevitably
causes aneurysm sac growth and finally may be a reason of a rupture. The overall rate of type
Ia endoleaks varies between 3.6 and 5.4% [9, 20]; however, some researchers reported up to
12% incidence of proximal endoleaks in groups of patients with difficult anatomy and big
aneurysm sac diameter [10]. The data analysis from ANCHOR study revealed 9.2% endoleak
incidence in patients with hostile neck [14, 17].

The fenestrated graft implantation (FEVAR) has been considered as a gold standard method in
endoleak prevention and treatment in patients presenting short necked (4-10 mm) or juxtarenal
aneurysms (<4 mm) for a very long time [25]. A fenestrated stent graft body tailored to indi-
vidual anatomy of a specific patient makes possible to effectively seal the aneurysm sac after
positioning covered stent extensions in the lumen of the renal and visceral branches. However,
FEVAR procedure has also its limitations like technical complexity, graft availability, and cost.

TAVAV] VAVAY/

Figure 3. A schematic view of a type 1a endoleak.
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Figure 4. CT angiography with large type Ia endoleak.

As technically challenging, FEVAR is available only in high-volume centers, and usually a
potential candidate has to wait few weeks for endoprosthesis to be manufactured. A substan-
tial group of patients is excluded from that treatment option due to comorbidities, the FEVAR
average time, as well radiation dose, and contrast media volumes are higher than during the
complex EVAR procedures described below.

During the development of EVAR procedure, a wide range of techniques have been designed
either to prevent the procedure failure or to seal the endoleak which occurs during the follow-
up period. The most popular methods of sealing the acute or chronic endoleaks are to add
additional aortic segments and reshape the landing zone area by the balloon inflation, thus
remodeling the landing zone (Figure 5).

In a substantial number of cases that simple solution is effective, the neck is reshaped and
effective seal is achieved. If that technique is not sufficient, other sealing methods can be used,
such as endostapling, chimney technique, or transcatheter embolization.

3.1. Endostapling

In 2001 the first stapling system was described by Trout and Tanner [4]. A laser beam was used
to form a hole in the endograft fabric, in which an endostaple was inserted. Unfortunately,
there is no report about in vivo use in humans or animal models.

Currently, used helical EndoAnchor device was developed by Aptus Endosystems in 2002
and first used in human in 2005. Currently, these devices are available on the market as
Heli-FX made by Medtronic (Santa Rosa, USA). The helical endostaples are delivered through
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Figure 5. Low-pressure balloon remodeling of the neck with an endoleak.

a shapeable 16 F sheath and electrically powered screwing system which allows to input the
EndoAnchors through the graft fabric on the right angle. Each EndoAnchor is 4 mm long, and
the system is designed do “pin” the graft fabric to the aortic wall [4, 26].

In 2012 an ANCHOR registry was established to collect the data of the long-term efficacy and
outcome in patients requiring a Heli-FX use. The results are promising so far, especially in
cases of acute and late endoleak sealing. The device is also useful in prophylactic use in dif-
ficult anatomy, when a type Ia endoleak occurrence probability is high.

In 2017 a CE mark was granted for Endurant II graft model to be used together with Heli-FX
in short aortic necks (4-10 mm).

3.2. Transcatheter embolization of type 1 endoleaks

A different approach in endoleak sealing is transcatheter embolization by the use of coils or
liquid medium such as glue. During the procedure one can successfully combine both of these
methods which are highly effective in sealing. The limitations are however the size of the
endoleak channel and a fact that method cannot be used as a prevention of the endoleak occur-
rence. The method is efficient in small and medium volume flow endoleaks. In case of high-
volume lesion, even the big amounts of the glue and coils do not stop the leakage, but there is
a possibility to merge embolization procedure with endostapling with a good effect (Figure 6).
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Figure 6. Sealed type la endoleak after additional aortic cuff implantation followed by endostapling (Heli-FX EndoAnchor).

Currently, there are two commercially available glue brands on the market: Onyx and Squid.
Both Squid and Onyx are based on ethylene vinyl alcohol (EVOH) copolymer dissolved in
dimethyl sulfoxide (DMSO), with the additive of micronized tantalum for radiopacity. There
are differences of tantalum amount between both compounds that affects viscosity and den-
sity of the medium. Onyx is delivered in two viscosity types (Onyx 18 and Onyx 34), while
Squid comes in two different viscosity types (Squid 18 and Squid 12) mixed with two opacity
possibilities (normal and low density with 30% reduced Ta) that finally gives four different
drug types.

Both agents were initially developed for the treatment of saccular aneurysms that are not
surgically removable, especially in the cerebral circulation and to embolic therapy of arterio-
venous fistulas and malformations (Figure 7).

3.3. Chimney technique

Another widely used option in type I endoleak prevention and treatment is a chimney tech-
nique by the use of standard endograft which extends over the renal or visceral arteries which
are previously secured by the insertion of covered or uncovered stents forming the conduits
providing the blood supply for abdominal organs. The first application of renal artery stenting
in order to restore the flow after its unintended covering by the graft fabric was reported in
1999 and as elective use in 2001 [1]. The first use as a method in landing zone extension was
made by Greenberg in 2003 [12]. Since then, the chimney technique has become a well-estab-
lished option, which allows physicians to treat AAA with challenging neck anatomy using
endografts and off-the-shelf stents [5]. It allows to extend a sealing zone to the desired length,
and its simplicity in comparison with FEVAR makes it a favored technique in the case of urgent
procedures when time is limited and complex FEVAR systems are not readily available.
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Figure 7. Endoleak embolization by squid delivered directly to the leak site: (a) preoperative CT angiography, (b) final
angiography directly after procedure, and (c) control CT angiography. (Courtesy of B. Zabicki, MD, PhD).

Currently, in most cases, covered balloon-expandable stents (BES) are in use during the chim-
ney formation. However, bare metallic devices are still in use in some centers, and some reports
showed their non-inferiority during the follow-up especially when EVAS is applied and the
endobag fabric covers the bare metallic stents and prevents a gutter formation. Ducasse et al.
presented a series of 22 patients treated with Nellix graft with an open chimney technique,
with promising results after 18 months of follow-up with one endoleak which was resolved
spontaneously [8]. Another report of Garriboli and Jannello described two cases of open chim-
ney grafting with a good result after 18 months of follow-up showing no endoleaks [11].

As of the writing of this paper, the chimney technique has CE mark approval in one covered
device (Medtronic Endurant II) with the use of the covered stents limited with no more two
chimneys in renal arteries. Other manufacturers do not recommend the chimney technique
inside the limits of instruction for use (Figure 8).

3.4. Other methods of a type Ia endoleak prevention
3.4.1. Kilt technique

In 2009 Minion et al. [16] proposed a predeployment of a covered cuff into a challenging neck
using the Gore Excluder AAA Endoprosthesis which was described as a kilt technique. In
2011 Jimenez and Quinones-Baldrich [13] reported a successful kilt implantation in four hos-
tile neck patients with good long-term results in three of them and one reintervention with
Palmaz stent implantation in order to seal type I endoleak.

The method was called a kilt technique according to its similarity to the traditional Scottish
male dress (kilt). In a case report, Park and Kim [18] described a successful predeployed tho-
racic stent graft as a kilt prior to bifurcated graft implantation.

111


http://dx.doi.org/10.5772/intechopen.76645

112 Abdominal Aortic Aneurysm - From Basic Research to Clinical Practice

Figure 8. Chimney technique in EVAS procedure: (a) single chimney and (b) double chimney.

The author’s experience with the kilt technique was described in the report in 2016 on a series
of 11 patients with difficult neck anatomy not suitable for standard EVAR approach. An aortic
extension cuff was predeployed below the renal arteries. The element was initially oversized
in order to straighten the neck in case of angulation higher than 60° and to secure smooth
landing zone in case of other irregularities like conical or barrel-shaped neck [24].

By using two oversized elements one in another, we also achieve higher radial force, being a
derivative of radial forces of the cuff and main body. Higher radial force and better adherence
of the kilt fabric to the aortic wall and the main body fabric to the inner surface of the cuff
are probably responsible for good sealing and fixation. The preliminary results showed the
efficacy of the method in cases of difficult anatomy. Kilt implantation is also a readily avail-
able procedure that can be completed using off-the-shelf endovascular equipment without
additional procedures such as visceral catheterization or stenting (Figure 9).

3.4.2. Funnel technique

In report published by Valdivia [21], a very interesting concept of “intentionally migrated
endograft body” followed by endostapled cuff was presented with a good effect. The authors
intentionally positioned the main endograft body lower than expected in IFU and then, after
fixing it by Heli-FX system, implanted the second cuff also endostapled with Heli-FX that
effected in smooth landing zone in difficult anatomical conditions.
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Figure 9. A concept of the kilt technique.

4. APPROACH concept as a possible future strategy in procedure
planning in case of hostile neck anatomy

As mentioned previously in introduction, difficult anatomy of the aortic neck is only a part of
a wider range of the topic which is a successful treatment of a patient with complex pararenal
aneurysm. In order to achieve treatment success after EVAR in such patients, during the pro-
cedure planning, a physician should not only focus on possible technical pitfalls in the land-
ing zone area but also take an overall look at the patient as well as technical solutions available
in particular center and finally the financial aspects.

For this purpose, an APPROACH concept was proposed by Donas and Torsello [7] which is
an acronym of the first letters of the following:

A — Aortic pathology

P —Patient profile

P—Proven literature evidence
R—Renovisceral anatomy
O—Operator preference/skills
A —Access

C—Costs

H—Hostile neck (discussed above)

4.1. Aortic pathology

Depending on the aortic pathology we consider to treat by the use of endograft, the approach
to it may vary. For example, in a case of 55 mm juxtarenal aneurysm embracing an SMA, the
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procedure planning will be completely different than in a case of the same size PAU located
just below the left renal artery orifice. In case of PAU, the risk of rupture is much higher, and
the equipment used to the procedure will be quite different. That is why a careful study of the
aortic anatomy is important during the qualification process.

4.2, Patient profile

Overall patient condition and as age or life expectancy strongly influence a decision-making
process during preoperative arrangements.

4.2.1. Cardiac status

Poor cardiac status usually makes an open surgery impossible and significantly elevates a
perioperative risk of FEVAR. In most of these patients, the EVAR approach, very often with
additions as chimneys, EndoAnchors, or kilts, is the only treatment option in contrast to con-
servative therapy. Of course, careful cardiac status checkup is needed prior to the final deci-
sion, however, in comparison with open repair or FEVAR that is a least invasive option from
the cardiac point of view.

4.2.2. Renal function

A substantial number of patients with juxtarenal aortic pathology suffer from chronic renal
failure as well. Therefore, a risk of contrast-induced renal failure increases significantly if
renal function parameters are disturbed. During endograft implantation with additional
endovascular procedures (chimneys, endostapling, etc.) or during the fenestrated endograft
implantation, the volume of contrast media is usually higher than during the standard EVAR,
and renal function plays an important role in future outcome and therapeutic success.

The use of carbon dioxide as a contrast medium is possible only to the level of diaphragm and
not available in every center due to technical reasons.

4.2.3. Life expectancy

This is an important factor during the patient stratification to the different types of treatment.
If we consider a long-term therapeutic effect in case of short-neck aneurysm in 65-year-old
male without cardiac comorbidities, then open repair would be a first choice. On the other
hand, the same morphology of aneurysmatic aorta in 93-year-old woman with positive his-
tory of myocardial infarction and EF 25% would result in endovascular solution as a first
choice.

4.3. Proven literature evidence

In spite of a limited number of evidence-based reports concerning the sufficient groups of
patients with complex pararenal aneurysms, a lot of case reports in which surgeons describe
different ways of solving the complicated neck problem, usually pushing the envelope far
beyond the IFU limits. Unfortunately, a small series of patients and different endograft sys-
tems used make a statistical analysis difficult or impossible.
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However, ANCHOR and ENGAGE [14, 17, 23] studies described before provided a reliable
information about durability and efficacy of the two main methods used in approaching dif-
ficult neck. These studies are still limited by the use of single-manufacturer endograft model.

One method successfully proven to be effective in the case of chEVAR may not work with
chEVAS, and the successful use of endostaples with polyester endograft may not be effective
in PTFE models and impossible in EVAS.

As the APPROACH concept, the authors noted that there is a need for well-designed national
or international registries where the APPROACH parameters, including local resources, infra-
structure logistics, costs, availability of devices, and surgical expertise, would be considered [7].

4.4. Renovisceral anatomy

The distance between aortic sac and the lowest renal artery is not only a parameter one has to
consider in planning advanced procedures in hostile neck aneurysm. The distances between
all visceral arteries and their layout on the aortic perimeter play an important role as well.
In chimney graft implantation, usually that is a crucial factor necessary to implant a proper
number of stents in order to achieve an effective sealing zone. In case where renal arteries and
SMA originate at one level, usually three stents instead of two are needed. That fact can make
the procedure more complicated and prolonged.

In case of aortic angulation at this level, the situation can be complicated by the technical issues
such as extremely difficult access to the target vessel in which the chimney stent is targeted.

Other difficulties may arise from vessel diameters either natural or resulting from arterioscle-
rotic lesions in the lumen of renal or visceral arteries which also can make chimney implanta-
tion hard and laborious.

One has to remember also about the presence of additional renal arteries and carefully con-
sider our options to avoid type Il endoleak or renal ischemia. We have to decide if eq. emboli-
zation prior to endografting is necessary and doing it if there are collaterals feeding that part
of the renal tissue able to maintain the blood supply after closing it orifice.

4.5. Operator preferences

Every operator has his/her own preferences in difficult neck anatomy cases, which may signifi-
cantly change an approach to the procedure. The more experienced team in endostapling will
use that method in cases of “difficult neck” moving the boundaries more further than the inex-
perienced one. On the other hand in high-volume center experienced in FEVAR that will be a
preferred method of hostile neck treatment with acceptable mortality and complication rates.

4.6. Access

Difficult access may complicate almost every seemingly easy procedure. There are numerous
examples of poor access conditions which excluded patients from treatment or ended up with
surgical conversion. Two important factors influence on the procedure outcome: access vessel
diameters and the presence of angulations in the vessel course.
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When discussing a vessel diameter, we have to remember about the patient’s past endovas-
cular history.

During the chimney procedures, an aortic arch and supra-aortic vessel anatomy should be
considered very carefully, because the most difficult part of the procedure is performed via
that access point. Arteriosclerotic lesions in the orifices of vessels arising from the aortic arch
may be a source of a cerebral embolization. Asymptomatic stenosis or occlusion of the left
subclavian may exclude the patient from chimney procedure when more than one chimney
formation is necessary.

4.7. Cost

The overall cost of the patient treatment and its further reimbursement is regional and country
specific and also is an important factor limiting the treatment options. In some EU countries,
the hospital is paid by the insurance company for every segment of EVAR (body, extensions)
system separately, while in others the reimbursement rate is fixed no matter how many seg-
ments are used. In hostile neck patients, the overall treatment cost is significantly higher than
in standard EVAR that favors the insurance systems where every piece of inventory is reim-
bursed. That fact may be an issue for hospitals being paid flat rate, where in such cases an
extra permission from the financial board of the hospital or from the insurance company is
needed that is time-consuming.

5. Summary

Hostile neck in complex pararenal abdominal aortic aneurysm is not only a problem of dif-
ficult anatomy. As described above, many factors exist, sometimes not medical, which can
influence on patient eligibility to the endovascular therapy, on the final decision about
specific procedure, and on the positive outcome of the treatment process in the long term.
During the procedure planning, a medical team shall carefully analyze all factors described
in APPROACH strategy and then choose a best treatment for a particular patient to achieve
a therapeutic goal.
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Abstract

An endoleak type 2 (EL2) is a relatively frequent event after an EVAR but 30-35% of EL2
can become progressive, which can cause a loss in the important sealing zone of the stent
graft. Diagnosis is made by three-phase CT angiogram or by contrast-enhanced duplex
scan. EL2 should be treated if the aortic sac grows more than 5 mm in 6 months time. The
first suitable treatment is the endovascular approach with embolization of the inferior
mesenteric artery (IMA) or lumbar arteries. Paravertebral puncture, under CT navigation
to embolize the lumbar artery or a part of the aortic sac with the EL2, is another alterna-
tive. If the endovascular treatment is not successful in 2-3 times, we should consider a
surgical approach. The operative approach can be a laparoscopic or an open operation:
the laparoscopic approach allows us to clip the IMA and lumbar arteries. The open sur-
gery involves laparotomy, ligation of the IMA, and endoaneurysmorrhaphy (suture of
lumbar artery origins from inside) and then the suture of the aortic sac tightly around
the stent graft in situ. The aortic occlusion balloon should be inserted below the renal
arteries prior to open surgery. The surgical procedures have good outcomes and should
be considered when the endovascular treatment is unsuccessful.

Keywords: endoleak type 2, AAA, EVAR, sac embolization, post-EVAR intervention

1. Introduction

Endoleak type 2 (EL2) is described as a refilling of the aortic sac via branches such as lumbar
arteries (LAs), inferior mesenteric artery (IMA), median sacral artery, or accessory renal arter-
ies after endovascular aneurysm repair (EVAR). Endoleak through the internal iliac artery
should be classified as endoleak type 1c (Figure 1). We could imagine the EL2 as a type of
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a false aneurysm in the thrombus around the stent-graft (SG) where we have inflow and
outflow via sac branches.

We can distinguish certain types of EL2s:

Early —occurs within 30 days after EVAR

Late —occurs within 12 months after EVAR
Persistent—long lasting for more than 6 months

The progressive type of the EL2 causes the aortic sac to grow >5 mm/6 months with a risk
of other complications. It plays an important role in the pressure gradient between the sac
branches (mostly IMA, LAs, etc.), the position of the SG, and the pulsating volume between
visceral branches through the sac space. It forms a cavity that clots around the SG, which has
blood flow and causes EL2 (Figure 1) [1-4]. We have to take into account arterial hyperten-
sion and atherosclerotic changes of the aortic branches; their peripheral resistance is also
an important factor. Visceral branches of abdominal aorta have low peripheral resistance
physiologically, but due to atherosclerotic changes (calcifications) they lose flexibility and
the resistance can be increased. Due to the pressure gradient between LAs and the IMA with
artery wall calcification, EL2 can be persistent for a long time. Low flow is difficult to detect,

Lumbar aa.

Pulsatile

volum
of the EL2

Figure 1. Example of the endoleak type 2 (EL2) flowing into a sac and image of the pulsatile volume behind/around the
stent-graft (SG) with inferior mesenteric artery inflow (red arrow) and lumbar artery outflow. The black arrow shows
the distance between the SG and the sac wall where part of the SG can work as a piston to pump the blood as a pulsatile
volume and keep the EL2 persistent and progressive.
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therefore it is important to provide a precise three-phase computed tomography angiogram
(CTA). An alternative investigation is a contrast-enhanced Duplex scan (CEDS). It is well
known that EL2 is a relatively frequent finding after EVAR in 25-30% of cases [5-11], but
it can be resolved spontaneously (80%) [6, 9-13]. It can be persistent for a longer period of
time without further aortic sac dilatation, but when progressive growth is accompanied by
increasing diameter of an aneurysm, then the finding requires immediate treatment to avoid
severe complications.

2. Diagnosis

We can obtain initial information regarding EL2 directly from the final angiogram promptly
after EVAR; this is routine and it can show clear initial evidence of EL2. Thanks to regular
ultrasound monitoring we can pick up enlargement of the sac diameter or detect flow in the
sac by Doppler ultrasound scan (Figure 2). Diagnosis is mostly confirmed by three-phase
CTA (arterial, venous, and late venous phases). An ideal alternative to providing a dynamic
scan is CEDS (Figure 3) [14, 15]. If aortic sac growth is slow we can use an aortic angiogram to
confirm the endoleak and at the same time we can use this approach for endovascular treat-
ment. A new method of endoleak diagnosis could be 4D magnetic resonance but this tech-
nique is not a routine method at present [16]. A CTA with good arterial and venous phases
is the gold standard (two- or three-phase CTA) for diagnosis, and together with software
projections can provide an image for potential treatment. Dynamic feeling of the aneurysmal
sac can confirm the importance of a solution and explain the progressivity of the endoleak.
Visualization of the sac collaterals and connection with the superior mesenteric artery
(SMA), renal arteries, or other important sac arteries can be the best option for endovascular
treatment to reach the branch for embolization. Not every EL2 is indicated for intervention.

Figure 2. Duplex scan with color Doppler with endoleak type 2 via inferior mesenteric artery, marked by arrow.
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Figure 3. Contrast enhanced Duplex scan of endoleak type 2 via lumbar arteries, marked by arrows.

Characteristics, especially progressivity (growth >0.5 cm/6 months, >1 cm/1 year), play an
important role in the decision to treat EL2 by intervention to stop its progress and avoid
further complications.

3. Prevention of EL2

Intra-procedural embolization of IMA, LAs, and other sac branches prior to proper EVAR is
necessary if their diameters are more than 2 mm [8, 17, 18]. Embolization of the accessory renal
artery can inflict regional renal necrosis and a hypertension episode, therefore it must be eval-
uated individually to minimize patient risk. An individual approach has to involve consider-
ations of age, main organs, functions, and reserves together with comorbidity. The best type
of SG is an important factor as well (it should minimize inflow into the sac through branches
and reach the maximum of the sealing zone) to decrease EL2 formation as a sac branches flow
connection. The endovascular aneurysm sealing technique [19] is an option to reduce flow into
the aneurysmal sac via visceral branches. The technique used to fill the sac with a polymer can
reduce backflow from the sac branches and their communication within the sac can decrease
the potential formation of EL2. This technique can have side effects regarding sac and neck
dilatation, and expansion in the sac can lead to misplacement of the SG and further complica-
tions [20]. Aneurysm sac embolization [21, 22] during the EVAR procedure using coils and
glue can decrease the rise of endoleak, reduce sac volume, and improve its shrinkage. This
method was described with a lower rate of reintervention due to EL2, but statistically, there
was no clear outcome to confirm this technique as the best solution for prevention. From a
clinical perspective, selective embolization of the sac branches with greater lumen diameters
(>2-3 mm) is more efficient to decrease the potential risk of EL2 formation. We can use fewer
coils and glue together with lower irradiation time with our comparison with the sac emboli-
zation only. It is helpful to use so-called 3D fusion to navigate cannulation of the sac branches.
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Stopping backflow and outflow via sac branches (to break communications between the sac
branches, namely IMA and LAs) becomes more efficient when we compare sac embolization
with a potential risk of formation of small roads between coils and glue mass as a restora-
tion of communication between the sac branches. The coils and glue in the sac cause further
artifacts on CTA, and to visualize the endoleaks may be difficult and involve visibility of the
treated EL2. High blood pressure treatment [23], statins [24], and regulation of anticoagula-
tion therapy [25] are also important parts of prevention with the possibility of decreasing the
risk of EL2 development. The decreased pressure gradient between sac branches as described
means that sac communication can prevent EL2 and help to reduce EL2 flow. Statins can
stabilize sclerotic plaques and the arterial wall, which leads to rapid shrinkage of the sac after
EVAR. Reduction of the space around the SG can minimize the flow between sac branches and
improve contact between the SG and the sac, the so-called sealing zone.

4. Treatment

EL2 should be treated if the aortic sac grows more than 5 mm in 6 months. Conservative treat-
ment is the first method for EL2 treatment, which is occluded spontaneously in 80-90% of
cases [26]. Conservative treatment is not the only method to watch and wait but require active
treatment of arterial hypertension to decrease pressure gradient into the sac and sac branches.
Statins can support the stabilization process of atherosclerotic plaque and avoid further sac
dilatation [1, 27, 28]. Surveillance by ultrasound to measure the aneurysm diameter is an
important method of dynamic monitoring when considering a plan for interventional treat-
ment if conservative treatment is unsuccessful and the EL2 is becoming progressive.

4.1. Endovascular

EL2 can be persistent over a long time, with a stable aneurysm diameter, but in 3-5% of cases
it can become progressive with dilatation of the aortic sac, which can cause loss of the impor-
tant sealing zone of the SG. This process can lead to the development of endoleak type 1 and
the higher risk of aneurysmal rupture. Enlargement of the sac size can be one of the important
signs. The first choice for interventional treatment is the endovascular approach with emboli-
zation of the IMA or LAs. CTA can show a good connection between the SMA and IMA and
is a suitable approach to reach the IMA through a connection with the SMA and to proceed
with coil insertion [12]. Sometimes there can be a good connection into another sac branch
together with the LA. Embolization of the IMA can be successful but the EL2 can remain due
to another patent LA, which can continue with the outflow instead of the IMA. We could also
use a technique to reach the sac by a transperitoneal approach [29]. Risks of endovascular
treatment are the dissection of the important artery (SMA, renal artery, etc.) and embolization
into SMA/IMA branches with intestinal ischemia. If there is an early and large EL2, which
requires rapid solution, we can try to reach the sac by the endovascular technique behind the
SG because the SG is not fully adherent (the connection between the SG and the arterial wall
is not rigid). This way provides an embolization of LAs or other important branches directly
from the sac, respectively from the pulsating volume in the thrombus around the SG. We
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can use this technique as well if there is a combination of EL2 with endoleak 1b (distal end
of the SG endoleak) or 3b (the SG limbs are disconnected) to complete the endoleak treat-
ment. Another approach to endovascular treatment can be a paravertebral puncture of the
aneurysm sac under CT navigation to provide embolization of a biological/histoacryl glue
alone or with a combination of coils to embolize the LA origins and the part of the aortic sac
with the endoleak flow where the main route of endoleak refilling can be halted [30]. We can
use a peritoneal approach to reach the sac and provide the embolization [31]. Consistency
and adherence of the glue are important characteristics, which play a role in the outcome
and ensure the right place for installation. The disadvantage is the rigidity and relatively fast
adherence of the glue, which is contrary to our aim of filling the whole volume of the EL2
around the SG or reducing the flow as much as possible, which leads to spontaneous occlu-
sion. The post-procedure portion of the glue in the sac causes certain artifacts in the CTA,
which could cover small EL2s. Gelatin foam and alcohol as sclerosing agents are not often
used due to their reduced efficiency and potential risk of complications (namely, peripheral
embolization). The main risk is infection of the SG (a severe life-threatening complication)
and bleeding from the sac area, therefore constant repetition of this technique is not recom-
mended. If endovascular treatment is not successful after two to three attempts we should
consider a surgical approach. Indications for operation must be considered precisely due to
important patient background, therefore pre-assessment involving function tests such as spi-
rometry and stress ECHO together with Duplex scan of carotid arteries have become standard
procedures before any open or laparoscopic intervention.

4.2. Laparoscopic treatment

The operative approach can be a laparoscopic or open operation. The laparoscopic approach
is indicated for patients where the pneumoperitoneum is not contraindicated. This approach
allows us to clip the IMA close to the sac and an initial CTA should guide us to the reachable
segment of the IMA to avoid duodenum injury. Thanks to a camera (angulated optic) the
laparoscopic procedure allows very good visibility of the LAs for clipping [32, 33]. The left
side of the aorta and aneurysm is easily approached but the right side is difficult to access
due to the tight, adherent position of the inferior vena cava. The retroperitoneal approach
with the same endoscopic technique is a very suitable alternative, which requires a good
overview from each side to reach the LAs for clipping; however, for the IMA it is important to
have a clear standard laparoscopic approach to combine these techniques. The retroperitoneal
endoscopic approach is the same as thelumbar sympathectomy approach. The laparoscopic
approach is relatively safe. When an approach from the right side of the aorta is too risky, then
we can clip and stop the flow in one of the side LAs to stop the EL2 because we can reduce
the inflow or outflow with good results. We have to check the efficiency of our procedure by
CEDS or by a table angiogram. With the results, we can evaluate our efficiency at the same
time and conclude if our procedure has been successful. It is the opinion of the author that
CEDS is the best combination to detect the EL2 preoperatively and guide us to find the main
blood vessels to fix it. Only deflation and inflation of the operation space is time consuming,
especially when the scan has to be repeated a few times. The main risk to endoscopic treat-
ment involves peritoneal and retroperitoneal bleeding but the incidence is small [32, 33].
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4.3. Open transperitoneal approach

Open surgery involves laparotomy and ligation of the IMA (Figure 4). The main approach is
transperitoneal, which is exposure of the retroperitoneal space and aortic sac involving the
neck of an aneurysm and aortic bifurcation. The important part is preparing the small space
from both sides of the neck for an emergency aortic clamp or compression above the planned
sac incision. A very good alternative is to have an occlusion balloon in the aorta close to the
origin of the renal arteries to be ready for the eventual leak from the neck area. The main step
of the procedure is an incision of the aortic sac and endoaneurysmorrhaphy (suture of LA
origins from inside the sac), then the suture of the aortic sac is tightened (in two layers is a
good option) around the SG in situ [34, 35] (Figures 5 and 6). It is very important to protect
the SG against a misplacement. Protection involves keeping the distance from the neck area
at around 5 cm below and not opening an aneurysm too close to the neck because there is a
risk of losing a proximal sealing zone. To protect the position of the SG it should be kept very
close to the dorsal wall, respectively the spine column when we are removing the thrombus
around the SG. The moderate pressure applied to the SG against the dorsal wall will help keep
the SG in position and decrease back bleed from the LAs. The aortic occlusion balloon, which

Figure 4. Computed tomography angiogram of the persistent endoleak type 2 via lumbar arteries after paravertebral
puncture of the sac and unsuccessful glue instillation/embolization.
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Figure 6. Dual layer suture of the aortic sac after endoaneurysmorrhaphy.

should be inserted below the renal arteries prior to open surgery to provide aortic occlusion
in case of bleeding, is a better option than aortic clamping of the neck area with a risk of
aortic wall injury. In case of bleeding it is important to suture the SG in position and provide
a package by the aortic sac rather than to explant the SG and replace the whole SG. This
type of the operation has severe complications, namely high lethality for patients (initially not
suitable for any open abdominal aortic aneurysm (AAA) repair primarily) [30]. Postoperative
high dependency unit/intensive care unit monitoring is important to check blood pressure
but mostly uneventful laparoscopic/open procedures are well tolerated because blood loss
is minimal and blood transfusion is not required. Fast recovery is due to an operation with-
out any aortic clamp. Mostly, the patient can be discharged within 2-5 days. There is a clear
advantage of laparoscopy versus laparotomy because the minimally invasive approach does
not cause paralytic ileus and small wounds are well tolerated, therefore to discharge a patient
within 2 days is manageable without high risks. To check the efficiency of surgical treatment
by CTA is recommended within 7-10 days and thereafter standard post-EVAR monitoring can
be performed (Figure 7). We should wait for 1-3 months for complete occlusion of the EL2,
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Figure 7. Computed tomography angiogram after endoaneurysmorrhaphy without endoleak type 2 and the stent-graft
tightly covered by the sutured sac in two layers.

especially when stopping only one side LAs together with IMA flow. Shrinkage of the sac can
be clearly visible later on within a few months. CEDS is a good choice to reduce the number
of CTAs and contrast solutions.

5. Discussion

EL2 may be a relatively passive diagnosis, and may be active only for a short period of time,
but if there is significant growth, then it will become a potential problem with risks such as
rupture. It is well known that the risk of rupture is relatively low but we have to continue
with treatment to avoid refilling of the aortic sac, especially when we have a good position for
the SG without sac dilatation, which can lead to loss of sealing zones. The advantage is that
progressive EL2 is not as aggressive as endoleak type 1 and we should have enough time to
plan the best strategy for treatment. EL2 remains the important diagnosis, which requires pre-
cise monitoring and appropriate investigation as well as an individual plan for each patient
involving conservative, laparoscopic, or open surgical treatment. Dynamic filling of the sac in
an EL2 directly after SG deployment can predict the future of EL2 but we have to evaluate a
number of factors, which play a role in the persistence and progressivity of EL2 [17].

These factors are:

¢ Systolic and diastolic blood pressure
¢ Peripheral resistance and calcification of the sac branches (its origins)

e Position of the SG
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¢ Volume of a pulsatile cavity with arterial blood flow (in the sac and around the SG)
* Anticoagulation/antiaggregation therapy

¢ Numbers and diameters of patent LAs [36]

e Diameter of IMA [36]

e Warfarin [25]

Intra-operative predictors of the EL2 diameter of IMA and position of LAs play important
roles as predictive factors of EL2, together with the diameter of the visceral branches (origins),
their calcifications, and pressure gradients. The flow between aortic visceral branches is simi-
lar to the arteriovenous fistula. Pulsation cavity around the SG involving the origin of LAs or
IMA, where the SG can work as a piston to pump blood between the LAs or IMA and another
LA, respectively the sac branches. This physical mechanism can keep the patency of the EL2
and increase pressure in the sac, which can be a reason for the progressivity of the EL2 with
growth of the sac. It is thought that 3D printing of the endoleaks as a real model of the CTA
with important details could provide an ideal view of the pathology and a realistic overview
of the best method for treatment. Anatomical risks regarding potential EL2s as accessory
renal arteries, diameter, and position of LAs should also be considered. It is believed that the
position of the SG plays an important role when we consider the pulsation cavity between the
SG and the dorsal aneurysmal wall. Pulsation mass due to EL2 and SG pulsation can both
work as a pump because visceral aortic branches have low peripheral resistance and could
help to keep the EL2 persistent and growing (Figure 1). The pulsation cavity can potentiate
the pressure gradient between LAs and between IMA and LAs as well, therefore systemic
blood pressure and aortic branch calcifications (blood vessel rigidity) can play an important
role regarding patency and endoleak flow. When the SG is close to LA origins its sealing effect
can reduce the incidence of EL2 because a potential volume of EL2 is reduced. Slow progres-
sion of the sac dilatation due to EL2 can give us useful time to arrange our strategy of treat-
ment. Monitoring is very important to check progression. Prevention involves selective
embolization of the aneurysmal sac branches or use of the special type of SG as described for
endovascular aneurysm sealing [19, 37]; however, together all effects of the device involve
complications (endoleaks, SG misplacement). The preventive embolization of the sac patent
branches (LAs, IMA, etc.), which can contribute to formation of EL2, leads to a reduction in
EL2 incidence. When we compare the preventive sac embolization only (coils + glue) with
selective sac branch embolization we can confirm that the selective approach is more efficient
and has fewer artifacts and embolization materials. When we compare longer clinical out-
comes, we can confirm there is no statistical evidence that sac preventive embolization has
long-term efficiency as a technique to prevent EL2 [21, 22]. It is recommended to embolize
IMA and LA before SG deployment when the lumen diameter is more than 2-3 mm or if the
number of patent LAs is more than 3. The role can play a distance between origins of LA as
well because their flow communication is with higher predisposition. Conservative treatment
involves blood pressure treatment, statins, and the possibility of reducing antiplatelet or anti-
coagulation therapy for a short period to support spontaneous sealing of the EL2 together
with shrinkage of the sac. We should consider timing for future plans if conservative treat-
ment does not give results when ultrasound and three-phase CTA are used. The possibility of
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treatment involves endovascular and surgical treatment. Minimally invasive surgical tech-
niques are a safe option with good results. If endovascular treatment is not successful, then
we can proceed with a laparoscopic approach to clip LAs and the IMA. The retroperitoneal
approach reaches both sides of the aortic sac with good visibility of the LA origins. If the main
body of the SG is too far from the dorsal aortic wall and there is a relatively large space behind
the SG (such as a pulsatile volume), then we can consider an open approach with endoaneu-
rysmorraphy to stabilize the SG position and minimize the space around the SG. The preas-
sessment of any intervention, especially the surgical one, should involve patient fitness,
reserves, and risks in the context of patient comorbidities. Patient quality of life is an impor-
tant point in our decision to treat progressive EL2. The standard monitoring plan can be
within 3-6 months in the first year after reintervention and then every half year or at 1-year
intervals, eventually becoming more frequent as an individual plan due to potential restora-
tion or previous high progressivity of EL2. We should consider a fresh CTA or a new method
of scanning such as 4D magnetic resonance angiography [16], or maybe an angiogram with
the possibility of endovascular reintervention. The importance of diagnosis and treatment of
EL2 is to investigate hemodynamic characters of the EL2 to consider an individual plan and
watch the dynamic changes in time to consider the timing of intervention. When renal func-
tions are borderline and with a view to quicker progression, it would be better to prevent
further sac growth due to EL2 and find a reason for quicker treatment to avoid issues of
providing endovascular or surgical treatment. EL2 is not as aggressive as the endoleak type 1
and 60-80% of cases can be treated conservatively. The residual numbers of patients with the
progressive type of EL2 require an intervention to avoid severe complications. Endovascular
treatment is the first step in progressive EL2. It has good efficiency and the possibility of
repeating the intervention. The laparoscopic procedure of clipping IMA and LAs is a rela-
tively safe option from peritoneal or retroperitoneal points of view with good results, and is
aminimally invasive approach, which indicates the best individual treatment for each patient
to prevent complications after EVAR. Open endoaneurysmorrhaphy [34, 35] is another treat-
ment for patients where the previously described treatment is not successful and there are
difficulties using a laparoscopic method. The risks are low where the patient is relatively fit
for the intervention and an experienced team can prevent misplacement of the SG to mini-
mize blood loss without an aortic clamp. Explantation of the SG is not recommended because
it is a very dangerous technique with very high lethality [30]. Haq IU et al. presented their
results regarding the incidence and treatment of EL2 [6]. They describe 386 patients over
10 years with a 21% (81 patients) incidence of EL2, which was treated in 65% (53 patients)
conservatively and in 35% (28 patients) by intervention, in addition to 60% (17 patients) endo-
vascularly and 40% (11 patients) transarterially. They concluded that the incidence of pro-
gressive EL2 could be represented by an aggressive phenotype. Kumar et al. presented a
cohort of 693 patients (2009-2013) with EVAR [38]. The team treated 225 patients due to EL2.
The mean follow-up was 2 years. One hundred and thirty-three patients were resolved spon-
taneously, 37 were unresolved and untreated, 16 underwent an intervention, 3 had a AAA
rupture due to EL2, and 2 patients were in the absence of the sac expansion >5 mm/6 months.
The late type of EL2 occurred in 117 patients, of which 26 had sac expansion. They concluded
that age and smoking were significant independent predictive factors for non-survival. They
described the rupture of two patients after EVAR without sac enlargement >5 mm. Ultee and
his colleagues described in a systematic review that the persistence of EL2 could be
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Figure 8. Laplace’s law is described as tension (T) of the aneurysm wall, which is relative to pressure (P) in an aneurysm
and the radius (r) of an aneurysm, T=P xr.

accompanied by risk of rupture without an extensive growth up to 1.8% [12]. This is not com-
mon and very probably depends on the pressure in the sac and aortic wall, respectively sac
wall endurance, where Laplace’s principle explains the pathology (Figure 8). Statins are
described as an important part of post-EVAR treatment to support sac shrinkage and decrease
the incidence of endoleaks involving EL2. The theory is that the effect of statins helps to sta-
bilize the arterial wall with atherosclerotic changes. The authors presented the shrinkage of
an aneurysm within 12 and 24 months [1, 27, 28]. With the results we can expect to prevent
endoleaks by prolonged statin administration together with a low-fat diet and regular control
of serum lipids and lipoproteins. Patients using warfarin can have a higher predisposition for
persistent or progressive EL2 [25]. We should consider omitting warfarin for a short period or
using another type of anticoagulation (LMFW) if there are no further risks regarding their
initial indication (ischemic heart disease, AF, DVT, PE, etc.). Another author suggested that
antiplatelets such as salicylates and clopidogrel do not increase the risk of endoleaks after
EVAR [39].

6. Conclusion

EL2 is a relatively non-aggressive diagnosis after EVAR but its growth can lead to severe
complications. Monitoring keeps the situation under control and diagnoses the progression
over time so that a strategy can be implemented when progressive EL2 requires treatment. We
can summarize the clear process regarding progressive EL2 as follows [40-42].

Prevention:

Embolization of the large abdominal infra-aortic visceral branches prior to SG deployment.
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Diagnosis:

Duplex scan (measurement of sac growth), contrast-enhanced Duplex scan, and three-phase
CTA.

Treatment:

* Conservative (endoleak without extensive sac growth).

¢ Endovascular with embolization of IMA and reachable aortic sac branches.
Surgical:

¢ laparoscopic clipping of IMA and LA.

¢ endoaneurysmorrhaphy and a tight suture around the SG.
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Abstract

Endovascular aneurysm repair is associated, in a significant proportion of patients,
to a systemic inflammatory response denominated postimplantation syndrome
(PIS). PIS is characterized by fatigue, fever, and a rise in inflammatory biomarkers
after the operation. However, the exact definition is still a matter of debate. There
are several proposed definitions for PIS in the literature resulting in significant vari-
ability of PIS incidence (ranging from 2% to 100%). The etiology of PIS is not entirely
clear. Endograft composition, aortic thrombus, intestinal bacterial translocation, and
contrast media may contribute to PIS but the first seems to be the most important
determinant. This clinical entity may have clinical consequences in length of hospital
stay, readmissions, renal function, cardiovascular events, endoleak rate, and quality
of life, but current data are insufficient for definitive conclusions. Despite of absence
of stablished treatment for PIS, non-steroid and steroid anti-inflammatory drugs
are currently advocated when clinical suspicion arises. Prevention may be achieved
with perioperative administration of a steroid drug. Since it may have adverse
effects, further knowledge of the real incidence of PIS and its clinical consequences
is imperative.

Keywords: inflammation, inflammatory response syndrome, systemic, foreign-body
reaction, aneurysm, aortic aneurysm, abdominal, aortic aneurysm, thoracic, endovascular
procedures

1. Introduction

Endovascular aneurysm repair is associated, in a significant proportion of cases, to a systemic
inflammatory response that was denominated Postimplantation syndrome (PIS) [1]. PIS was
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first described in 1999 by Velazquez et al. [2] as a syndrome of fever and leukocytosis after
aortic stent-graft implantation. It was incidentally noted in prior clinical studies on EVAR,
but the exact origin is unknown. The authors suggested that these manifestations, comprising
fatigue or other constitutional (flu-like) symptoms, fever and laboratory findings of inflam-
mation, are a reproducible phenomenon specific to the nature of this procedure, rather than
related to postoperative infections [2].

In fact, experimental studies in animals had suggested a local peri-aortic inflammatory
response to endovascular exclusion of aneurysms. For example, in a study in sheep that under-
went to endovascular implantation of heparin-coated Dacron-covered grafts, the macroscopic
examination of the arterial wall revealed significant inflammatory peri-graft response with
vascular thickening and adhesions around the grafts. Microscopic examination revealed a
severe foreign-body response [3].

Several publications addressing the issue have been published since 1999. However, there is
still no consensus over the definition for the syndrome, its real incidence, associated factors,
consequences, treatment, and eventually prophylactic therapy.

2. Definition and incidence

PIS is defined as fatigue and fever associated to a rise in inflammatory biomarkers. Which
markers should be used and their cutoff values is still a matter of debate. There are several
proposed combinations of fever, leukocytosis, and elevated C-reactive protein (CRP) used as
definition for PIS in the literature. Some authors defined PIS as the presence of fever coincid-
ing with an elevated serum CRP level, whereas the majority of them adapted the systemic
inflammatory response syndrome (SIRS) criteria and defined PIS as the presence of fever
combined with leukocytosis [1, 2, 4-11].

Arnaoutoglou et al. [10] defined PIS as the presence of fever (>38°C) and leukocytosis (>12.000/uL).
However, they verified that hs-CRP values were strongly related to the presence of PIS and
also emerged as an important predictor of the 30 day-outcome. Therefore, they concluded
that hs-CRP probably is a better marker to inflammatory response. The reported incidence of
PIS in the literature varies widely, and the lack of a universally accepted definition may be
responsible for this. Reported incidence ranges from 2 to 100% (Table 1).

Blum et al. [12], analyzed prospectively the clinical outcome after EVAR in 154 patients.
All were treated with polyester-covered nitinol endograft and 87 patients (56%) developed
fever (temperature, 38.0-39.7°C), that lasted for 4-10 days, without evidence of bactere-
mia or graft infection. All patients showed leukocytosis (range from 9.800 to 29.500/uL)
in laboratory tests and an elevation of C-reactive protein concentrations (range from 4 to
34.1 mg/dL) [12].

Two years after, Velazquez et al. [2] developed the first study specifically aimed at describing
and understanding the postimplantation syndrome, characterized by fever and leukocytosis
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Table 1. Incidence of PIS according to definition.

following endovascular stent graft repair of aortic aneurysms. They defined PIS as a syn-
drome that occurs after EVAR and proposed two criteria for diagnosis: fever and leukocy-
tosis. However, the cutoffs of these criteria are not specified. In their small study, they found
seven patients (58%) to have leukocyte count superior to 11.000/uL, 10 patients (83%) to have
fever greater than 38°C and 8 patients (67%) superior to 38.5°C. Indeed, in eight patients, CT
revealed air within the native aorta, around the stent-graft and within the thrombus of the
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excluded aneurysm. Physical examination, chest radiograph, urinalysis, urine culture and
blood culture excluded any source of infection in 11 of 12 patients [2].

Gabriel et al. [13] analyzed the inflammatory response after endovascular repair of abdomi-
nal, thoracic and thoracoabdominal aortic aneurysms, but they neither define PIS nor stated
its incidence. They found that peak values of sedimentation velocity, CRP and interleukin-6
were observed at 7 postoperative days, elevation of leukocytes count occurred in premature
phase, while lymphocyte and platelet count occurred in a late phase of follow-up. Serum
levels of creatinine did not have significant variability during follow-up (3 months) and fever
occurred mainly in the period between 24 and 48 h after the surgery.

Chang et al. [14] studied the systemic inflammation, coagulopathy and acute renal insuf-
ficiency following endovascular thoracoabdominal aortic aneurysm repair (TAAA). They
hypothesized that endovascular TAAA repair triggers a severe form of PIS. During the post-
operative time, 18 of 38 patients (47%) developed fever (>38.0°C) and all had statistically sig-
nificant changes in leukocyte and platelet counts and prothrombin time. Once again, neither
the definition nor the incidence was stated.

Georgiadis et al. [15] in their prospective study comparing the results of Endurant® endopros-
thesis in hostile and friendly necks, pointed to a PIS incidence of 36.4% (28 patients, 9 patients
in friendly neck group vs. 19 patients in hostile neck group; p = 0.032) with a mean duration of
2.02 days. However, the definition of PIS is unclear.

Two other studies described PIS incidence, but they did not clarify the definition used.
Mazzaccaro et al. [16] performed a retrospective study with 10 patients who underwent EVAR,
but only with Incraft® endograft. They found an incidence of PIS of 30% (three patients).
However, they do not specify the definition that they used. Melissano et al. [17] evaluated
retrospectively the safety and efficacy of the Zenith Alpha® (Cook Medical Inc., Bloomington,
IN, USA), in thoracic endovascular aortic repair of thoracic aortic aneurysms, aortic ulcers and
traumatic aortic rupture on 42 patients. They do not specify the PIS definition that they used
but stated a PIS incidence of 2%.

Several studies defined PIS as a combination of two criteria: leukocytosis and fever.
Arnaoutoglou et al. [1] performed a prospective study with 162 patients (148 with AAA and
14 with TAAA) who underwent endovascular aneurysm repair. PIS was defined according
to definition of SIRS: presence of fever (continuous temperature > 38°C) and leukocytosis
(>12,000/ul) despite antibiotic therapy and negative culture results. PIS occurred in 49 patients
(30.2%) and there were no significant differences in patients’ characteristics and intra-operative
variables, between the two groups. In this study, the authors did not characterize the popula-
tion in detail and opted to describe consequences of PIS in six cases. In a subsequent prospective
study of the same authors, with 40 patients, they found a similar incidence of PIS - 35%
(14 patients). They did not also verify significant differences in patients’ characteristics and
intraoperative variables. Of note, a significant increase in IL-6 levels was observed only in the
PIS group and the decrease in platelets count was greater in the PIS group, as was an increase
in hs-CRP. The incidence of PIS varied according to the graft that was deployed, with highest
incidences for Anaconda grafts (Vascutek-Terumo Cardiovascular System Corp, Ann Arbor,
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MI, USA) with 100% of incidence, and Zenith grafts (Cook Medical Inc., Bloomington, IN,
USA), with 50% of incidence. The Talent grafts (Medtronic Vascular AVE, Medtronic Europe
SA, Route du Molliau, Switzerland) had an incidence of 37% (6/16 patients) and the Excluder
grafts (W.L. Gore & Associates, Inc., Flagstaff, AZ, USA) had the lowest incidence with 12%
(2/17 patients) [4].

Dosluoglu et al. [6] studied the feasibility and safety of ambulatory percutaneous EVAR in a
sample of 79 patients. In this way, they compared the group in which the patients go home in
the same-day of the procedure to the non-ambulatory-group and evaluate the incidence of PIS
in these two groups. They defined PIS as any combination of fever >37.8°C, white blood cell
count >10.000/pl, abdominal and/or back pain, or other nonspecific symptoms such as malaise
or loss of appetite. PIS occurred in 23% of the patients, 19% in the same-day discharge group
and in 26% in non-ambulatory group.

In another study, with a retrospective design, of 118 patients who underwent EVAR but
only with Anaconda endograft. These authors used the same definition of PIS with leuko-
cytes >12.000/ul and temperature and reported an incidence of PIS of 20.3% (24 patients)
[8]. Another retrospective study with 87 patients, using the same definition for PIS, found
an incidence of 39%. This value was not similar between graft types, with the highest inci-
dence for Anaconda endograft (71%) and the least incidence in Excluder grafts (13%) [18].
Arnaoutoglou et al. [10] prospectively evaluated PIS after elective EVAR in 214 patients
with AAAs and investigated its association with clinical outcome during first 30 postopera-
tive days. The diagnosis of PIS occurred in 36% patients. They also used the same criteria
described above for PIS.

With the same definition, Sartipy et al. [19] also investigated the impact of stent graft mate-
rial on the inflammatory response, in 45 patients undergoing standard elective EVAR. The
global incidence of PIS was 28%. A single-center, observational cohort study of 204 consecu-
tive EVARs revealed an incidence of PIS of 31.4%, with the same definition [20]. In a similar
way, Arnaoutoglou et al. [21] in a more recent prospective study with 182 consecutive EVARs,
diagnosed PIS in 65 patients (35.7%).

Fewer studies defined PIS with elevation of CRP instead of leukocytosis. Vofite et al. [5] com-
pared the effect of stent graft composition in PIS. This group defined the PIS as fever (tym-
panic temperature > 38°C) and elevated serum CRP level (>10 mg/l). They found an incidence
of PIS of 56.1% (46 patients) for the woven polyester group and 17.9% (12 patients) for the
ePTFE group (p = 0.001).

A randomized, double-blind, placebo-controlled trial was designed to analyze the effect of
a single preoperative dose of 30 mg/kg of methylprednisolone or placebo, administered 2 h
before surgery, in reducing the incidence of PIS after EVAR. They used the SIRS criteria for PIS
(the presence of at least two of the following criteria: temperature > 38°C or < 36°C; leukocytes
>12.000/1, <4.000/ or > 10% bands; heart rate > 90; respiratory rate > 20; PaCO2 < 32 mm Hg),
except the criterion of leukocytosis. Instead of leukocytosis, the criterion used was elevation
of CRP > 75 mg/L. PIS with modified SIRS criteria was present in 27% in the methylpredniso-
lone group versus 100% in the placebo group [7].
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Gorlaetal. [22] developed a retrospective study and analyzed PIS incidence, but the 133 patients
included underwent TEVAR due to type B acute aortic syndrome. The authors defined PIS as
fever >38°C, leukocytes >12.000/mL and CRP >10 mg/dL within 72 h after TEVAR, despite
negative blood cultures. PIS was diagnosed in 15.8% of patients.

A German group studied the effects of antibiotics in preventing PIS after aortic endoprosthe-
sis implant. This trial included 40 patients and they did not have an aneurysmal disease. In
each group, there were 18 type B dissections and 2 penetrating aortic ulcers.

They compared the influence of perioperative single-shot versus prolonged (7 days) antibi-
otic therapy on parameters of PIS after thoracic endografting. There were no differences in
parameters related to PIS, namely body temperature, leukocytes count and CRP, between
two groups. They also did not find differences between the groups of acute and chronic type
B dissections [23].

Moulakakis et al. [11] assessed the inflammatory and renal response after TEVAR in the
descending thoracic aorta on 30 patients (28 aneurysms, 1 type B aortic dissection and 1 pen-
etrating aortic ulcer). They do not evaluate the incidence of PIS but detected a significant
increase in leukocytes, CRP, interleucin-6 and interleucin-10 at 24 and 48 h after endograft
implantation compared to baseline; platelets were significantly decreased. This inflammatory
response after TEVAR was associated to a rise in body temperature in the postprocedure
period. Conversely, there were no significant differences in serum levels of interleucin-§,
TNEF-a, creatinine, urea or cystatin C after stent graft implantation.

In conclusion, many studies do not specify the PIS definitions, many others used the definition
with leukocytosis and fever and only three studies used a definition that includes CRP. The
reported incidences in literature vary greatly which is possibly a consequence of variability in
definitions. Hence, the obvious need for a universal definition of this syndrome.

3. Etiology

The etiology of PIS is not entirely clear. Implant composition has been identified as one of the
most important determinants of the incidence and severity of PIS. [4, 5] However, the inflam-
matory response is not of the same magnitude in all patients treated with the same type of
endograft. So, factors other than implant material must also be responsible to the occurrence
of PIS. These may be patient or implant related.

Lesion of the endothelium during implantation, bacterial translocation due to transient
sigmoid ischemia, contrast medium-induced neutrophils degranulation, endovascular
instrumentation of the mural thrombus and thrombosis of the aneurysm sac after aneu-
rysm exclusion had all been proposed as factors that could trigger the pathophysiology of
PIS [14, 23-26] (Figure 1).

3.1. Endograft material

This is the best investigated risk factor; several studies compared the incidence of PIS or the
difference in inflammatory parameters and endograft material, mainly focusing on differ-
ences between polyester and expanded politetrafluoroethylene (ePTFE)-based structures.
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Figure 1. Multiple factors that may contribute to PIS occurrence.

The majority of the studies pointed to a higher incidence of PIS or a greater increase of inflam-
matory markers in polyester-based endografts [4, 5, 8, 18, 20]. Vofite et al. [5] constructed a
multivariable risk model for PIS, and woven polyester constitution of the endograft was the
only significant factor associated with an increased risk of developing PIS (HR 5.58; p =0.007).
Kakisis et al. [18] had similar results when testing for risk factors for PIS using a multivariable
model; only the type of endograft was independently associated with the development of PIS.

Despite the results, another three studies could not identify a difference in the incidence of
PIS between polyester and ePTFE endografts. [5, 11, 19] Gerasimidis et al. compared, prospec-
tively, the incidence of inflammatory response between endovascular aneurysm repair with
polyester devices (12 patients) and ePTFE devices (10 patients). One patient in each group had
PIS, according to SIRS criteria. Three patients in the polyester group had fever (>38°C) and
only one patient in the PTFE group (p < 0.005). However, there were no statistically signifi-
cant differences between two groups, for all endpoints, possibly due to sample size. Of note,
all the patients in this study received a dose of an antihistamine (cetirizine hydrochloride
10 mg) before the surgery and nonsteroid antiinflammatory drugs (nimesulide 100 mg twice
a day) during 72 h postoperatively [5]. In the study by Sartipy et al. [19] there were signifi-
cant differences between the two types of graft material concerning fever and CRP, but there
were no significant differences in the number of PIS events. It could also be related to sample
size, with 32 patients treated with polyester grafts but only 13 patients with ePTFE grafts.
They performed a sensitivity analysis that showed if three more patients in the polyester
group would have developed PIS (or none instead of one patient in the PTFE group), the
results would have reached significance. Lastly, Moulakakis et al. [11] assessed the inflam-
matory and renal response after TEVAR, and they did not observe a significant difference in
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inflammatory response between polyester and PTFE groups. They attributed that to small
number of patients implanted with ePTFE endografts in their trial.

In any case, PIS related to Anaconda® endografts had the highest incidence in published
literature, except in one study by Nano et al. [8] in which the reported incidence was of only
20.3% [4, 18, 25]. In that study, however, isolated fever without any sign of infection and
maintained for more than a week occurred in many patients, even after administration of
corticosteroids (median duration, 11 days, (4-30 days)). In the same period in this hospital,
PIS occurred with other endografts but lasted for less than 3 days or resolved completely after
administration of corticosteroids [8]. Thus, it seems that in addition to the higher incidence
of PIS, Anaconda® endografts are associated to a more intense syndrome, which is also more
difficult to resolve.

Apart from fabric, other components of the graft structure could be implicated. The stent
structure, for example, could influence the occurrence of PIS. As discussed by Vofite et al. [5]
when comparing Endurant® and Talent® endografts, the Excluder graft, which is associated
to the lowest incidence of PIS, has an additional outer layer of ePTFE, covering the alloy,
whereas in others, the metal and fabric are connected by stitches. Moreover, the latter have
a bare top stent which constitutes an additional amount of nitinol directly exposed to the
circulation and to the vessel wall. In addition to amount of alloy exposition, the exact balance
between nickel and titanium (components of nitinol) or even the way of cutting and pol-
ishing may differ between manufacturers and may influence the inflammatory reaction [5].
However, it is important to note that nitinol has been widely used in coronary and peripheral
arterial “bare-metal” stents and no inflammatory response have been reported in these appli-
cations [27]. In Zenith® endograft, an additional component of stainless steel can contribute
for the inflammatory response, but this has not been adequately studied.

Delivery systems could also theoretically influence PIS. Moulakakis et al. [25] showed that the
Excluder® endograft had a milder postimplantation inflammation, compared to the others.
In addition to differences of material composition, the Excluder® endograft is introduced
through a sheath, in contrast to other endografts. They hypothesize that this may cause
less injury to endothelium. Moreover, thickness and porosity may differ between polyester
endografts, as the metallic skeleton, and can justify variability in inflammatory response after
EVAR [25]. Despite all the proposed mechanisms, the only component of endografts that
seems to influence the incidence of PIS significantly is the fabric. Polyester, when compared
to ePTFE, results in a higher inflammatory reaction both in vitro and in vivo, and this is well
replicated in aortic endograft implants [28].

3.2. Thrombus

The hypothesis that the amount of preexisting mural thrombus within the aneurysm sac
could be related to PIS development derived from the finding that mural thrombus of an
aortic aneurysm contains high levels of interleucin-6 [29]. In this way, it was conjectured that
manipulations with endovascular material, as wires and catheters, in mural thrombus could
release interleucin-6 and induce an inflammatory response. Nano et al. [8] reported an asso-
ciation between preoperative thrombus thickness and PIS with EVAR using the Anaconda®



Postimplantation Syndrome after Endovascular Aneurysm Repair
http://dx.doi.org/10.5772/intechopen.77392

endograft (p=00.1). However, Kakisis et al. [18] rebutted this hypothesis, since they found that
the volume of chronic mural thrombus did not affect any parameter of PIS. In the same line, in
the study by Moulakakis et al. [25] the Anaconda® endograft had the highest inflammatory
response and, simultaneously, requires less thrombus manipulation with catheters and wires
during implant, once it has a magnet on the contralateral limb to facilitate its cannulation. If
the mural thrombus was the main source to PIS, patients treated with the Anaconda® endo-
graft should have the lowest incidence, and the contrary is observed.

Another hypothesis was that new-onset thrombus, instead of chronic mural thrombus, could
be responsible for the acute inflammatory response [30]. Three authors tried to demonstrate
this effect of new-onset thrombus but the results were not consistent. Kakisis et al. [18] could
not find an association between the previous thrombus and PIS, but they found a significant
correlation between the volume of new-onset thrombus and PIS parameters. In a multiple
variable model, these authors showed that both the volume of new-onset thrombus and the
type of endograft were independently associated with the development of PIS. However,
Voute et al. [5] analyzed the association between inflammatory response and new-onset
thrombus after EVAR and found no significant correlation between new-onset thrombus and
the rise in temperature (p = 0.08) or CRP (p = 0.17), with a larger patient sample. In the same
way, Arnaoutoglou et al. [10] did not find differences regarding preoperative endoluminal
thrombus or in the amount of newly formed thrombus between PIS and non-PIS patients
groups. In light of the current evidence, it is not likely that chronic mural thrombus or new-
onset thrombus within the aneurysm sac play a significant role in the development of PIS. It
is possible that new onset thrombus may play a small role, which could not yet be clearly
demonstrated due to sample size in all published studies on the subject.

3.3. Bacterial translocation

Another potential etiology for PIS after endovascular aneurysm repair is bacterial transloca-
tion due to transient sigmoid ischemia. Intestinal ischemia may be produced by either occlu-
sion of a previously patent inferior mesenteric artery (IMA) or microembolization during
catheter and wire manipulations. Thus, Kakisis et al. [18] analyzed the association between
patency of the IMA and the postoperative temperature and inflammatory markers and found
no significant correlation. Another trial, that studied the effects of antibiotic therapy in PIS
after thoracic aortic stent placement, is in agreement [23]. The authors stated that there were
no differences in parameters related to PIS, regardless of the duration of postoperative anti-
biotic therapy. Therefore, the hypothesis of bacterial translocation as a cause for PIS seems
remote and there is no evidence to date to support it.

3.4. Contrast

Videm et al. [26] suggested that contrast medium iohexol provokes neutrophil degranulation,
which is greatly enhanced when combined with stent graft material, contributing to PIS occur-
rence. There are other recent studies that specifically analyzed inflammatory response after
endovascular aortic repair; however, they did not find any correlation between contrast use
or dosage and PIS parameters [5, 8, 18, 25]. As such, this theory remains to be demonstrated.
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3.5. Other factors

The influence of several other factors in PIS parameters has also been explored, namely age,
gender, aneurysm size, extent of aortic coverage, length of operation, blood loss or transfu-
sion, intensive care unit, statin, chronic obstructive disease, ischemic heart disease and heart
failure. None has been shown to be an important factor to PIS [5, 8, 9, 14, 18].

4. Manifestations and diagnosis

PIS is characterized by fever, anorexia, fatigue and lumbar pain associated to increase in leu-
kocytes count, CRP, decrease in platelets count and/or coagulation abnormalities.

It typically resolves within 2 weeks without any permanent ill effects, but in some cases may
result in severe complications such as pulmonary dysfunction, cardiovascular events, renal
insufficiency and multisystem organ failure [1, 14, 25].

The diagnosis might be suspected in the presence of fever without clinical source of infection
in the immediate postoperative period after EVAR. However, the diagnosis of PIS will depend
on definition that is adopted.

Fever is usually accompanied by a rise in laboratorial inflammatory markers and a drop in
platelet count. Leukocytes count typically rises in the first postoperative day [5, 25]. CRP
levels increase significantly between the first and third postoperative day [23, 31] (Figure 2).

In the presence of fever and inflammatory parameters in the early postoperative period,
patients usually undergo a work-up for possible infection, typically including chest radiogra-
phy, urinalysis, urine culture and blood culture [32]. Some argue that this may be costly and
unnecessary in clinical absence of an infection source [33]. However, since consequences of a
serious postoperative infection may be devastating, at least close observation is recommended.
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Figure 2. Evolution of body temperature, leucocytes count and CRP since EVAR until 96 h after the procedure. Adapted
by Vofite et al. [5], Gabriel et al. [13] and Akin et al. [23].
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Sartipy et al. [9] designed a prospective study to test the hypothesis was that procalcitonin
would remain <0.5 ng/mL among patients who develop PIS after elective EVAR surgery,
conversely to infectious complications. They defined PIS as a body temperature > 38°C and
leukocytes >12,000/mL at any time during the observation period combined with no other
detected complication or any open surgical event explaining the inflammatory response. The
global incidence of PIS in this trial was 17.5% (12 patients) but this incidence was higher in
patients with polyester grafts than in PTFE grafts (22.4% vs. 5%). They verified that all PIS
patients had levels of procalcitonin <0.5 ng/mL, as they hypothesized, whereas all showed an
elevation on CRP >100 mg/L and leukocytes >12.000/mL.

Thus, procalcitonin appears as a good differentiator between PIS and infectious complica-
tions, probably less expensive and faster than microbiologic culture tests.

5. Clinical consequences

Several clinical consequences of PIS have been proposed, both in the early postoperative
period and over follow-up (Table 2).

5.1. Prolongation of hospital stay/readmissions

Moulakakis et al. [11] did not find any clinical adverse events related to PIS and there were
no readmissions in their study. In another study that evaluated inflammatory response to
Anaconda® endografts, the patients who developed this syndrome had a longer hospital-stay
[8]. Other studies showed a significant prolongation of postoperative hospitalization in the
PIS group compared to non-PIS group [4, 10, 20].

Arnaoutoglou et al. [1] described six cases that required readmission, four cases due to a mild
SIRS that resolves with non-steroidal anti-inflammatory drug orally, but the other two cases
were a severe SIRS that required a stay in an intensive care unit and endovenous corticoste-
roids treatment.

In a study concerning the applicability of percutaneous ambulatory EVAR, one patient was
also readmitted due to severe PIS in third postoperative day (in the non-ambulatory group)
and PIS was the only reason for delayed discharge in five patients [6].

5.2. Renal dysfunction

Chang et al. [14] analyzed the systemic inflammation, coagulopathy and acute renal insuf-
ficiency following endovascular TAAA repair. These authors found that patients with
postoperative renal insufficiency had higher changes in leukocytes and platelets counts, as
compared with those who did not develop renal failure. Indeed, the two patients who died
in first postoperative month developed acute renal insufficiency in the early postoperative
period. The preoperative glomerular filtration rate < 60 mL/min/1.73 m* was not associated
with the development of acute renal insufficiency (p = 0.80). They performed a univariate
logistic regression analysis, which showed that each 5000 cells/pL increase in leukocytes in
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Influence of PIS on Clinical Outcomes
Studies suggesting adverse influence | Studies suggesting no influence
(authors, design, no patients) (authors, design, no patients)
Hospital stayl/ | 1. Amaoutoglou ef al. (1), Prospective, n=162 1.Moulakakis et al. (11), Prospective,
readmissions 2. Amaoutoglou ef al. (4), Prospective, n=40 n=30
3. Nano et al. (8), Retrospective, n=118
4. Amaoutoglou ef al. (10), Prospective, n=214
5. Kwon ef al. (20), Retrospective, n=204
Renal 1. Chang ef al (14), Prospective, n=38 1. Moulakakis &f al (11), Prospective,
dysfunction n=30
Cardiovascular 1. Amaoutogiou ef al. (10), Prospective, n=214 | 1. Kwon ef al. (20), Retrospective, n=204
events 2. Armaoutoglou ef al. (21), Prospective, n=182
Endoleaks 1. Kwon ef al. (20), Relrospective, n=204 1. Volite ef al. (5). Retrospective, n=149
2. Gorla et al. (22), Retrospective, n=133 2. Nano et al. (B), Retrospective, n=118
3. Amaocutoglou ef al. (21), Prospective,
n=182
Quality of Life 1. Nano et al. (8). Retrospective, n=118 -

Table 2. Summary table of the studies that favor influence of PIS in outcomes and of those that are against.

the postoperative period was associated with a 2.4-fold odds of postoperative renal insuf-
ficiency (p = 0.02). For platelets, each decrease of 50,000 platelets/puL was associated with a
4.0-fold odds of postoperative renal insufficiency (p = 0.02). In opposition, Moulakakis et al.
[11] stated that renal function was not influenced by the inflammatory response; no correla-
tion was recognized between the increased inflammatory markers and renal function.

5.3. Cardiovascular events

In a study that analyzed the influence of inflammatory reaction after endovascular aneurysm
repair in 30-day outcomes, a multiple logistic regression model revealed that coronary artery
disease (p = 0.01), post-operative hs-CRP (p = 0.001) and duration of fever (p = 0.02) inde-
pendently predict major cardiovascular events. For every additional day of fever after the
first, the chance of a cardiovascular episode increased by 67.9% (p = 0.017) and for every
10 units increase of hs-CRP, this probability increases by 15% (p = 0.001). For all adverse
events studied, namely cardiovascular events, acute renal failure, readmission and death by
any cause, multiple logistic regression analysis showed that postoperative hs-CRP (p = 0.004),
PIS (p = 0.01), maximum temperature (p = 0.02) and smoking history (p = 0.02) were indepen-
dent predictors. Postoperative hs-CRP revealed an important predictor for adverse outcomes
during the first 30 days. A threshold value of 125 mg/L was highly associated with an adverse
event, with a sensitivity of 72% and specificity of 75% [10].

In a prospective study of 182 consecutive EVARs, patients were monitored during a year.
Several adverse events are scrutinized, such as any major adverse cardiovascular events,
acute renal failure, readmission and death from any cause. During the follow-up period,
major adverse cardiovascular events occurred in 17.2% patients in PIS group vs. 4.3% in non
PIS group and the other adverse events occurred in 18.8% of patients vs. 5.1%, respectively.
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Multiple logistic regression analysis showed that the occurrence of PIS was the only inde-
pendent predictor of major adverse cardiovascular events (p = 0.007) or any adverse event
(p = 0.005). Patients with the diagnosis of PIS were about 4-5 times more likely to suffer of a
major cardiovascular event or another adverse event, than non-PIS patients [21].

Conversely, Kwon et al. [20] stated that patients with and without PIS had similar long-
term overall survival rates and other clinical outcomes, such as systemic or implant-related
complications.

5.4. Endoleaks

In the study by Vofite et al. [5] the change in PIS parameters did not correlate to postoperative
endoleaks. Besides prolongation of hospital stay, Nano et al. [8] also established a benign
character for the PIS; no association between PIS and onset of early and long-term complica-
tions, namely endoleaks, was reported.

Gorla et al. [22] studied a composite endpoint of major adverse events, such as aortic rupture,
need for reintervention and all-cause mortality, after TEVAR of type B acute aortic syndromes.
The mean follow-up was 4.0 + 2.9 years. The major adverse events were more frequent in the
PIS than in the non-PIS group (62.5 vs. 25.9%; p = 0.004).

Kwon et al. [20] in a study with a follow-up of 44 months, PIS was significantly associated
with a decreased risk of developing type Il endoleaks (p = 0.044). PIS appeared to be beneficial
in preventing type Il endoleaks during postoperative period. Kaplan-Meier survival analysis
showed that the groups (PIS and non-PIS) had similar rates of overall survival (p =0.761) and
other clinical outcomes (p = 0.562), except the rate of secondary procedures that was signifi-
cantly higher in the non-PIS group (p = 0.049).

Arnaoutoglou et al. [21] in a prospective study with 1 year-follow up, found no correlation
between endoleak or any complication rates and PIS (p > 0.05).

5.5. Quality of life

The analysis of the questionnaires on quality of life after 1 month of the surgery showed that
PIS patients felt significantly more limited in their daily physical activities after surgery, as
well as more emotionally discouraged and depressed/anxious about their state of health [8].
No long-term studies involving quality of life are available to date.

In summary, there is a suspicion that PIS may be involved in a higher rate of early cardiovas-
cular complications and worse early quality of life. There is no evidence to date that suggests
a worse long-term outcome for patients affected, but the data are scarce.

6. Prevention and treatment

The 30 day-outcomes of patients with PIS described by Arnaoutoglou et al. [10] suggest that
a specific treatment should be adopted to PIS to avoid clinical consequences. Akin et al. [23]
tested the extension of antibiotherapy during the postoperative time, but it did not show
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Figure 3. Schematic diagram of prevention, diagnosis and treatment of PIS, with associated references.

any advantage in PIS incidence. In the study by Nano et al. [8] in case of PIS diagnosis, 1 g of
hydrocortisone was administered intravenously on the third postoperative day, according to
institutional protocol. In another study with patients who underwent percutaneous ambula-
tory EVAR, one patient had to be readmitted due to a severe PIS in third postoperative day.
He was managed with hydration, pain control and anti-inflammatory medications and went
home again after 3 days [6].

DelaMotteetal.[7]inarandomized, double-blind, placebo-controlled trialinvolving 153 patients,
analyzed the effects of a single preoperative dose of 30 mg/kg of methylprednisolone or pla-
cebo, administered 2 h before surgery. For diagnosis of PIS, they used all criteria of SIRS, except
for leukocytosis that was changed to CRP elevation due to the influence of corticoid therapy
on leucocyte count and they obtained, with a single preoperative dose of methylprednisolone,
a reduction in PIS from 100-27% [7]. The postoperative need for morphine was significantly
reduced by methylprednisolone but the need for antiemetics was similar. There were no dif-
ferences in 30-day medical morbidity (13 vs. 43%), surgical morbidity (20 vs. 43%), reinterven-
tions (0 vs. 29%) or readmissions (7 vs. 14%) in the methylprednisolone versus placebo group.
There was no 30-day mortality in all the patients included, and during the 3 months of follow
up, there was no significant difference in mortality between the groups (3% vs. 1%, P = 1.0).
Regarding adverse effects of corticosteroids, 11 potential methylprednisolone side effects
occurred in 10 patients (14%). They were mainly related to infusion of the drug: metallic taste
in five patients, flushing in three patients, rise in blood pressure requiring treatment in two
patients and euphoria within the first 24 h in one patient. In the placebo group, rise in blood
pressure was noted in one patient. Analyzing the subgroup of diabetic patients (15 patients in
methylprednisolone group and 7 patients in placebo group), the intraoperative median blood
glucose levels were higher in the methylprednisolone group than in the placebo (363 mg/dL
vs. 298 mg/dL (p = 0.01)) and they remained higher during the first 24 h (p = 0.006). In 47% of
patients in the methylprednisolone group, supplementary insulin was necessary compared to
none in placebo group during the first 24 h. There were no records of adverse events relating
to dysregulation of blood glucose levels. Subgroup analysis on the diabetic patients showed
the same tendencies as in the entire cohort [7]. In this trial, there was a substantial difference
between PIS incidence with a single preoperative dose of methylprednisolone. However, they
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defined PIS as having either fever or elevated CRP levels. Hence, possibly, the higher incidence
of 100% in placebo group.

The routine administration of drugs like steroids or nonsteroid anti-inflammatory drugs is of
concern because of their side effects, mainly in patients with multiple or more severe comor-
bidities [1]. However, it seems reasonable to prevent this inflammatory response, once it can
lead to prolonged hospitalization or a readmission and even to more severe consequences, as
the authors described above.

Undoubtedly, future studies have to be performed to clarify the need for routine prophylaxis
for this syndrome or a symptom based anti-inflammatory therapy (Figure 3).

7. Conclusion

The absence of a universal definition for PIS is responsible to the variability of its incidence.
However, CRP seems to be a better criterion for PIS instead of leukocyte count. The etiology
is still not clarified, but the majority of the studies pointed to a relevant role for endograft
material. Regarding diagnosis, procalcitonin appears to be a good differentiator between PIS
and infectious complications. The clinical consequences of this syndrome, in length of hos-
pital stay, readmissions, renal function, cardiovascular events, endoleaks and quality of life,
are not fully elucidated, and more studies have to be performed. However, there is evidence
suggesting a prolonged hospital stay, higher risk of early cardiovascular events and worse
early quality of life for affected patients. Regarding treatment, although corticosteroids and
nonsteroidal anti-inflammatory drugs seem to be a reasonably effective strategy, there is a
need to establish the best treatment and weather pharmaceutical prophylaxis is necessary.
The routine administration of drugs like steroids or nonsteroid anti-inflammatory drugs
raises concerns due to side effects, mainly in patients with more severe comorbidities.
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Abstract

Endovascular aortic aneurysm repair (EVAR) is widely used for the treatment of abdomi-
nal aortic aneurysms. Complications secondary to EVAR are also treated with endovas-
cular techniques. When this is not applicable, open surgical repair is mandatory. Surgical
re-intervention following EVAR is considered to be more demanding compared with pri-
mary open repair and it is related to the type of endograft implanted (infra renal vs. supra-
renal fixation), to the indications for surgical conversion (infection vs. non infection), to the
setting of presentation (elective vs. emergency) and type of conversion (total vs. partial).
While technically challenging, delayed open conversion of EVAR can be accomplished
with low morbidity and mortality in both the elective and emergent settings. These results
reinforce the justification for long-term surveillance of endografts following EVAR.

Keywords: late conversion, EVAR, open conversion

1. Introduction

Despite endovascular aortic aneurysm repair (EVAR) has changed the management of
abdominal aortic aneurysms (AAA), reducing the perioperative morbidity and mortality, it
seems to be associated with an increased rate of late secondary re-interventions. Proportions
of patients with postoperative complications in need for secondary interventions range from
12.5 to 43% and secondary endovascular approach are generally considered as the first line
treatment. Stent graft failure secondary to endoleaks, stent graft migration, endotension
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and/or sac enlargement, infection or stent graft tear and fracture, continue to be a persistent
problem that can result in aneurysm rupture. Indeed large cohorts of studies have reported
rupture rates between 0.5 and 1.2% per patient per year after EVAR.

Open conversion is considered the last line therapy for several EVAR complications as endole-
aks unfit for endovascular management, stent graft infection, and aneurysm rupture and stent
graft thrombosis.

Surgical re-intervention following EVAR is considered to be more demanding compared
with primary open repair and it is related to the type of endograft implanted (infra renal
vs. suprarenal fixation), to the indications for surgical conversion (infection vs. non infec-
tion), to the setting of presentation (elective vs. emergency) and type of conversion (total vs.
partial) [1, 2].

2. Indications to open conversion

The need for conversion from endovascular repair to open results from:

* Procedural and technical errors

* Unsuitable aortic morphology and device failures

Predictors of clinical failure or need for re-intervention seem to be due to some anatomical
features of AAA as:

¢ Large aneurysm size

¢ Diffuse neck thrombus or calcification

¢ Neck angulation >45-70°

¢ Conical aortic neck and an aortic neck with diameter > 28 mm

e Short infra renal neck (<10 mm)

* Common iliac artery diameter > 20 mm

¢ Persistent type Il endoleak

¢ Age > 80 years and female gender

Despite narrow aortic bifurcation (<20 mm) or small iliac diameter are currently considered
as no contraindications for EVAR and are treated by means of the use of low-profile device,
the high incidence of late and persistent Type II endoleaks could be affect an increase

of sac enlargement in the future and need for redo-endovascular treatment or late open
conversion.
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Some specifically anatomic situation can be associated with high incidence of late conversion:

¢ Chimney endovascular procedure used to increase the sealing zone in cases of insufficient neck
for endovascular approach, especially when distance between the target vessel which needs
chimney graft implantation and first aortic side branch above the covered stent is <15 mm,
in emergent conditions to treat type IA endoleak or when three visceral vessels are covered.

* Distal complex procedure to achieve a safe landing zone for sealing as iliac side branch
(common iliac artery <50 mm in length, iliac diameter bifurcation <15 mm)

¢ Fenestrated and branched endografts

During follow up the significant risk for rupture were proximal type I endoleak, type III
endoleak, migration with kinking of the endograft, in contrast with distal type I endoleak
or limb thrombosis that were present but statistically not significant. Many authors reported
increased rupture risk in patients with persistent type II endoleak. Regarding the correlation
between endotension and device, in experimental model e-PTFE reduces sac pressure more
effectively than Dacron, but some clinical studies observed that endograft with PTFE pro-
duced a high rate of sac enlargement, probably due to inflammatory reaction with cytokine
production (post inflammatory syndrome).

Currently the surgical indications for conversion to open repair are:
* Aneurysmal rupture unfit for endovascular treatment

* Sac enlargement due to migration and endoleak (type I, 1L, III or endotension) unfit for
endovascular approach

¢ Infection with or without aortoenteric fistula

* Late graft or graft limb thrombosis

3. Clinical presentation

The clinical findings are determined by the cause of failure. These may be:
* No symptoms (sac enlargement)

¢ Abdominal pain with radiation to the back and flanks, hypotension and shock in cases of
rupture

* Leg ischemia due graft/limb thrombosis

¢ Fever, leukocytosis and gastrointestinal bleeding in case of infection

3.1. Diagnostic tests

Include Duplex ultrasound, and angio CT scan. Leukocyte scintigraphy, FDG-PET or SPECT
plays an important role in the evaluation of patients with suspected infection.
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Product name

Fixation location

Stent expansion

Stent material

Graft material

Treo

Zenith alpha abdominal

Zenith fenestrated AAA
endovascular graft (distal
bifurcated body)

Zenith fenestrated AAA
endovascular graft (one
proximal seal stents)

Zenith fenestrated AAA
endovascular graft (two
proximal seal stents)

Zenith flex with Z-Trak

Incraft AAA stent graft
system

AFX endovascular AAA
system — AFX2 bifurcated
endograft system

Ovation iX abdominal
stent graft system

Gore excluder AAA
endoprosthesis featuring
C3 delivery system

E-tegra stent graft system

E-vita abdominal XT stent
graft system

Altura endograft system

Aorfix AAA endovascular
stent graft

Endurant AAA stent graft
system

Endurant IT AAA stent
graft system

Endurant IT AUI stent
graft system

Endurant IIs AAA stent
graft system

Anaconda

Fenestrated anaconda

Suprarenal, infrarenal
Suprarenal

Suprarenal

Suprarenal

Suprarenal

Suprarenal

Fixation at bifurcation,
infrarenal, or suprarenal
configurations for seal
Suprarenal

Infrarenal

Suprarenal

Suprarenal

Suprarenal

Infrarenal, transrenal
Suprarenal

Suprarenal

Suprarenal

Suprarenal

Infrarenal

Suprarenal

Self-expanding

Self-expanding
Self-expanding

Self-expanding

Self-expanding

Self-expanding

Self-expanding

Self-expanding

Nonexpansive

polymer-filled ring*

Self-expanding
Self-expanding
Self-expanding
Delivery system
controlled
Self-expanding
Self-expanding
Self-expanding
Self-expanding

Self-expanding

Self-expanding
Self-expanding

Nitinol

Nitinol

Stainless steel

Stainless steel

Stainless steel
and nitinol

Stainless steel
and nitinol

Nitinol

Cobalt
chromium alloy

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Nitinol

Tightly woven
polyester

Woven polyester

Woven polyester

Woven polyester

Woven polyester

Woven polyester

Woven polyester

Duraply
multilayer ePTFE

PTFE

ePTFE

Woven polyester

Woven polyester

Polyester

Polyester

Woven polyester

Woven polyester

Woven polyester

Woven polyester

Woven polyester

Woven polyester

Table 1. Currently available endografts on the market.
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3.2. Treatment
3.2.1. Type of grafts

The type of endoprosthesis and its relationship with aortic neck and renal arteries and its
proximal attachment, infra renal or suprarenal, significantly affects the surgical strategy
(Table 1). We can basically define four clinical scenarios:

1. Endograft with infrarenal fixation

Endograft with suprarenal fixation

Endograft with visceral vessel involvement (Chimney, F-EVAR, B-EVAR)

= w N

Sealing technology endograft explant

4. Operative procedure

4.1. Infra renal fixation

In cases of endoprosthesis with internal fixation, the surgical removal is relatively easy.
The results mainly depend on the indication of conversion. In cases of total conversion, the
abdominal aorta can be approached with standard trans peritoneal approach. After mobi-
lization of the 3rd and 4rd duodenal portion and Treitz ligament dissection the posterior
peritoneum is prepared and the aneurysm neck carefully dissected. In selected cases, the
total conversion can be due to type IA endoleak. In this setting a more proximal dissection
and suprarenal aortic control can be advocate. The periaortic inflammation of aortic wall due
to endoprosthesis needs of a minimal but sometimes carefully dissection. The distal control
depends to the aneurysm extension. Although the presence of iliac limb inside the iliac arter-
ies seems to suggest the placement of iliac clamp only after removing of the same iliac limbs
to avoid any damage on the iliac wall. In some cases the use of endoclamping with Foley or
Fogarty catheters could be useful.

The sac was opened longitudinally, the thrombus or hygromas or both removed and then
all the lumbar arteries were sutured. The inferior mesenteric artery can be ligated or re-
implanted on the basis of back bleeding. The final step is the restoration of aortic flow with
tube or bifurcated graft. When the iliac limb is too difficult to remove, some authors suggest
the insertion of the vascular graft on the iliac limb.

In cases of semi conversion (Figure 1), to treat a type II endoleak, the infrarenal aorta was
prepared. A preventive banding and reshaping of the neck with a Teflon band to consolidate
the graft to the aortic neck with four or five stitches binding together the Teflon, the aortic
wall, and the endograft was carried out. When the proximal neck was secured, the sac was
opened longitudinally and all the lumbar arteries were ligated. The sac was sutured leav-
ing some fenestrations to avoid repressurization with the consequent risk of expansion and
rupture. In some cases the proximal neck can be approached by means of less aggressive
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Figure 1. Type II EL with sac enlargement in patient treated 4 years early with 26 mm ovation prime endograft the sac
was opened longitudinally, and the thrombus removed.

standard retroperitoneal approach through the 11th intercostal space, without rib resection
or reflection of the left kidney. In cases of iliac artery involvement the standard laparotomy is
mandatory. In all the cases, drainage is left in place from 3 days and until only traces of chyle
are present.

4.2. Suprarenal fixation

In cases of suprarenal fixation, the presence of anchoring metal barbs, generally extended
over the superior mesenteric artery lead to complete control of supra celiac aorta. The supra
celiac aorta can be controlled by means of classical surgical approach or with endovascular
aortic balloon placed from trans axillary or trans femoral approach.

In case of supra celiac control, the aorta was approached by means of trans peritoneal route.
After resection of left triangular ligament and retraction of the left lobe of the liver, the gastro-
hepatic omentum is opened. After splitting of the diaphragms crura and identification of
nasogastric tube with the finger, the aorta can be clamped. Medial visceral mobilization by
standard full-length midline incision extended to the left towards the top of 7th rib to allow
an anterior thoracotomy of 8-10 cm with short radial phrenotomy lead to excellent exposure
and safe dissection of the entire visceral aorta.

To reduce the morbidity and mortality, an endovascular control of proximal aorta seems to
be better. Through axillary approach an aortic balloon (Table 2) can be placed at renal level.
In our experience trans femoral approach seems to be better, avoid the problem due to large
sheets placed in subclavian artery (vertebral occlusion, embolism to posterior cerebral circula-
tion, arm ischemia) (Figure 2). In cases of small diameter of axillary artery, surgical approach
to proximal axillary artery below the clavicle must be carried out to place a large introducer
sheath without problems (Figure 3). After proximal balloon was inflated, the aneurysm was
open, back bleeding from iliac arteries and lumbar /IMA stopped by means of ligature and
iliac clamping or endoclamping. The free flow is normally fixed in aorta due to re epitheliza-
tion. The infolding of the endoprothesis, as suggest by some authors with transacted syringe



Open Conversion after EVAR: Indications and Technical Details
http://dx.doi.org/10.5772/intechopen.78017

Product name Size  Recommended introducer  Guidewire Maximum inflated balloon
(F) size (F) diameter (inch) diameter (mm)

Berenstein occlusion 6 8 0.038 8.5, 11.5

balloon catheter

Equalizer balloon catheter 7 14-16, 40-mm via cut down  0.038 20, 27, 33, 40

only

Standard occlusion balloon 7 9 0.038 11.5

catheter

Coda balloon catheter 10 14 0.035 46

Coda LP balloon catheter 9 12 0.035 32

Q50 plus stent graft balloon 8 12 0.038 or smaller 50

catheter

Reliant stent graft balloon 8 12 0.038 or smaller

catheter

Table 2. Aortic occlusion balloons.

is speculative and hazardous. We prefer to perform a cut below the anchoring barbs, leaving
the free flow in place. A Dacron graft is sutured in an end-to-end fashion, passing the stiches
through the aorta and the first covered stent in order to minimize the risk of late complica-
tions. In case of necessary total endograft excision (infection), a thoracoabdominal approach
must be planned. Some new generation endoprothesis, as Ovation prime, have a very long

Figure 2. Aortic occlusion balloon (coda 32 mm) at level of Freeflow of ovation 26 mm through femoral approach by
means of 12 Fr dry seal sheath.
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Figure 3. Axillary approach (12 FR introducer sheath-coda LP balloon catheter).

free flow. In this case a partial salvage of the graft can be performed anastomosing the surgical
graft with the proximal part of endograft, between two polymer rings or above the first.

In cases of more proximal endograft procedure as chimney, F-EVAR or B-EVAR, or in pres-
ence of endoanchor, thoracoabdominal approach or medial visceral rotation must be per-
formed [3-6].

Medial visceral rotation has been developed to obtain adequate exposure of para renal and
suprarenal aorta avoiding the thoracic approach. The preferred route for medial visceral
rotation is a standard midline trans-abdominal incision. Incising the left lateral peritoneal
reflection allows mobilization of the descending and, if necessary, sigmoid colon. The perito-
neal incision is carried cephaled through the phrenocolic and lineorenal ligaments. A plane is
developed between the pancreas and Gerota’s fascia. The descending colon, pancreas, spleen,
and stomach are then rotated anteriorly and medially, leaving the left renal vein, ureter, left
kidney, and adrenal gland in situ. The triangular ligament and left lobe of liver are freed.
All of abdominal aorta is now exposed from the diaphragm to the bifurcation. Resection of
median arcuate ligament and separation of the muscle fibers of the diaphragm expose the
distal thoracic aorta within the lower mediastinum. The origin of celiac trunk and superior
mesenteric arteries may be freed from the surrounding autonomic ganglia tissue. The aortic
cross clamping is performed above the superior mesenteric artery or celiac trunk, according
to the extension of the free flow. A longitudinal arteriotomy is then performed into the antero-
lateral wall of the aorta, starting from the origin of renal arteries for a sufficient length to allow
a safe free flow remove avoid any intimal lesion. After free-flow extraction, the longitudinal
aortotomy is closed with 4/0 running polypropylene suture, the visceral arteries and aorta
flushed and the clamp placed in infrarenal position to perform a standard aorto-aortic substi-
tution. In cases in which a long renal or visceral ischemic time is expected, a renal protection
by means of cold perfusion (4°C lactated Ringer’s solution).

In cases of thoracoabdominal approach an incision through the four to eight intercostal spaces
is employed according to the extension of Chimney, F/B-EVAR. Generally a thoracophreno-
laparotomy in the seventh or eighth intercostal spaces is carried out. After posterior section of
the rib, the pleural space I entered after single right-lung ventilation is initiated. After careful
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isolation of thoracic aorta, avoiding lesion on vagus nerve or esopaghous wall, a limited cir-
cumferential section of the diaphragm is carried out, spatting the phrenic center to avoid
paralysis of the left hemi-diaphragm and respiratory failure in the postoperative period. The
upper abdomen is approached via trans peritoneal approach. The retro peritoneum entered
lateral to the colon. A medial visceral rotation is carried out. The spleen, left colon and left
kidney can be retracted anteriorly and to the right. Special care must be taken when isolating
the left renal artery (retro aortic renal vein). After the section of left diaphragmatic pilasters,
and periotic ganglia division, the aorta is exposed from thoracic to abdominal bifurcation.

At this point, surgical cannulation of femoral artery (14 FR) and intrapericardial cannulation
of left superior pulmonary vein (20 FR) are carried out to start a left heart bypass pump. The
LHBP is started at 1500-2500 ml/min with an ACT > 200", with 35°C until the clamp was
removed and LHBP stopped. After aortic clamping and incision, the endoprothesis and com-
ponents were removed. The backflow from intercostal arteries are temporarily stopped with
3 04 F occlusion balloon catheters. To prevent paraplegia, an aggressive policy of intercostal
arteries reimplantation must be carried out. The visceral arteries (renal, superior mesenteric
and celiac trunk) are perfused by means of 9 F Pruitt occlusion-perfusion catheters with oxy-
genated isotherm blood at 500 ml/h or 4°C lactated Ringer’s solution.

4.3. Sealing explant technology

Regarding explanation of polymer sealing based technology endografts, few cases have been
described, mostly for infection. After opening the aneurysm sac, the graft has been easily
removed without extensive dissection of aortic neck. After removal of endobag, the clamp
is placed in infrarenal position and perfusion is restored with interposition of Dacron graft.
The nellix explant seems to be a straightforward procedure compared to the removal of a
conventional endograft with suprarenal fixation (temporary suprarenal clamping, lack of
penetrating components in the juxta and infrarenal aorta).

4.4. Emergency conversion

Rupture after EVAR has been estimated to be 0.9-1.2% with a mortality rate of 30% in
emergency situation. Patients submit to open conversion appeared to be older, with severe
comorbidities (coronary disease, chronic renal failure). In emergency patients received more
frequently a supra mesenteric endovascular or surgical control, renal and visceral cross clamp
times were longer and the blood loss greater. So despite good results in literature, emergency
surgical conversion due to AAA rupture especially in cases of endograft with suprarenal fixa-
tion or infection are associated with low results and high morbidity and mortality rate [7, 8].

4.5. Special situation
4.5.1. Open conversion after EVAR for graft infection

The endograft infection is rare, with an incidence of 0.2-0.7%. Predominant microorganism
is Staphylococcus and Streptococcus species, and is often associated with aortoenteric fistula
or erosion. Generally it is observed in emergency conditions. Currently, graft infections are
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classified as low-grade and high-grade infections. Low-grade infections occur later and are
caused by less virulent bacteria (coagulase negative staphylococci, CNS) and clinical symp-
toms are generally non-specific. High-grade infections occur earlier, are caused by more
aggressive bacteria and associated with signs of sepsis, graft thrombosis, septic embolism
or GIT erosion with bleeding. In elective condition current imaging modalities to diagnose
infection are angioCT scan. Relatively new techniques are fluorodeoxyglucose-positron emis-
sion tomography (FDG-PET) or SPECT. After proximal control (surgical or endovascular) and
duodenum mobilization by means of intestinal derotation, vascular reconstruction options
include:

* Extra-anatomic bypass and aortic stump: after endograft explanation, an axillo-byfemoral
bypass graft is performed. Results of extra atomic approach were disappointing because of
high mortality rates, mostly due to aortic stump blowout and failure of the extra-anatomic
graft due to thrombosis and reinfection. Adequate closure of aortic stump is essential, but
can raise quite a challenge because of the inflamed tissue and fragile aortic wall. Several
techniques have been proposed to ensure stump integrity such as double plane sutures, use
of paravertebral fascia, use of epiplon or omental wrapping.

Extra-anatomic approach seems to be preferable in case of high-grade infection, with massive
contamination of retroperitoneal space.

¢ In situ reconstruction:

1. Allografts
2. Autologous vein grafts (NAIS) with femoropopliteal vein in various configuration.

3. Antimicrobial grafts (rifampin-soaked polyester)

Many authors suggest to place a cuff or endoprothesis as bridge therapy to achieve a bleeding
control and to perform a surgical conversion in semi-elective condition, especially in cases of
a reconstruction performed with superficial femoral veins. Literature review evidence such as
stent graft infection with graft excision has a mortality rate ranging between 36 and 56% [9-11].

4.5.2. Graft or limb thrombosis

Severe iliac artery angulation, narrow aortic bifurcation (<20 mm) and small graft limb diameter
can predispose to endograft limb stenosis. In some cases limb graft occlusion seems due to com-
plications at the femoral artery level due to thrombosis or dissection after percutaneous approach
(Prostar XL or Proglide System). It is more frequent in tortuous iliac anatomy, in presence of
pre-existing iliac stenosis and in unsupported endograft. For endograft limb occlusion treat-
ment depends on the clinical manifestations. In case of mild or absent symptoms, a conservative
approach could be desirable. However in most cases an endovascular approach or surgical rein-
tervention is required. If occlusion has occurred in recent period (<48 h), the thrombolysis/throm-
boaspiration and endovascular treatment of the cause of limb occlusion (stenosis, kinking) seems
to be the best treatment. In cases of late symptomatic occlusion a surgical approach by means of
extra atomic bypass graft (femoro-femoral or axillo-femoral) seems to be the best treatment.
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In cases of acute aortic thrombosis bilateral embolectomy with Fogarty catheters and relining
with new endoprothesis (aorto-uni-iliac and femoro-femoral bypass or use of two iliac leg
graft) seems to be the treatment of choice.

Direct aortic reconstruction (graft excision or semi conversion and aortobifemoral bypass
graft) or extra-anatomic approach with femoro-femoral or axillo-femoral bypass grafts seems
to be feasible only in selected cases [12].

4.6. Complications

Because most operations for conversion of endovascular to open repair require suprarenal
clamping in high-risk patients, the complication rate is higher as compared to open repair
and include:

Cardiac complications, hemorrhage, iatrogenic injuries, renal failure, distal embolization,
gastrointestinal and respiratory complications. Moreover the incidence of late complica-
tions as pseudo aneurysms as well infection of the graft was observed with an incidence of
1.4% [13-18].

5. Summary

Open conversion after EVAR for AAA are feasible but carry out an high risk of complica-
tions. Whit a large numbers of endografts implanted worldwide, the issue of late conversion
to open repair will increase significantly in the near future. The future incidence of late
conversion of endografts is changing. With increasing off label use, the limitations of graft
design are being stretched and redefined. As interventionalists become more comfortable
with EVAR devices and use devices in anatomy that is outside the instructions for use, we can
expect to have inferior outcomes compared with data from IDE trials that may predispose
some patients to late conversion Mortality for elective late EVAR AAA-related conversion
is not significantly different than primary open repair but is technically more challenging.
Endovascular surveillance may identify late complications that require removal and justifies
continued monitoring. Early elective conversion of EVAR for type I and type III endoleak or
migration that cannot be treated with endovascular procedures may improve outcomes. The
mortality rate for conversion in the setting of rupture or infection remains very high [19-23].
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