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Abdominal aortic aneurysm: Treatment options, image visualizations and
follow-up procedures
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Abstract

Abdominal aortic aneurysm is a common vascular disease that affects elderly population. Open surgical repair is regarded as the gold
standard technique for treatment of abdominal aortic aneurysm, however, endovascular aneurysm repair has rapidly expanded since its first
introduction in 1990s. As a less invasive technique, endovascular aneurysm repair has been confirmed to be an effective alternative to open
surgical repair, especially in patients with co-morbid conditions. Computed tomography (CT) angiography is currently the preferred imaging
modality for both preoperative planning and post-operative follow-up. 2D CT images are complemented by a number of 3D reconstructions
which enhance the diagnostic applications of CT angiography in both planning and follow-up of endovascular repair. CT has the disadvantage of
high cummulative radiation dose, of particular concern in younger patients, since patients require regular imaging follow-ups after
endovascular repair, thus, exposing patients to repeated radiation exposure for life. There is a trend to change from CT to ultrasound
surveillance of endovascular aneurysm repair. Medical image visualizations demonstrate excellent morphological assessment of aneurysm
and stent-grafts, but fail to provide hemodynamic changes caused by the complex stent-graft device that is implanted into the aorta. This
article reviews the treatment options of abdominal aortic aneurysm, various image visualization tools, and follow-up procedures with use of
different modalities including both imaging and computational fluid dynamics methods. Future directions to improve treatment outcomes in
the follow-up of endovascular aneurysm repair are outlined.
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symptoms and therefore the diagnosis depends mainly on
incidental clinical investigations (e.g., physical examination

1 Introduction

An abdominal aortic aneurysm (AAA) occurs when the
abdominal aortic wall becomes weakened, resulting in focal
enlargement of the blood vessel. An AAA is defined as an
enlargement of the aorta of at least 1.5 times its normal
aortic diameter or greater than 3 cm diameter in the maximum
transverse dimension. Most of the AAAs (> 80%) are located
in an infrarenal position, while only a small percentage of
them belong to juxtarenal or suprarenal AAAs. Common
risk factors attributable to the development of AAA include
increased age, smoking, atherosclerosis and hypertension.!")
AAAs are about three to four times more common in men
than in women.

Most people with AAAs do not have aneurysm-related
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or ultrasound or X-ray examination). Because most AAAs
are asymptomatic, it is difficult to estimate their prevalence,
but screening studies in the UK reported an occurrence of
1.3%~12.7% depending on the age group studied.”) The
incidence of symptomatic AAAs in men is approximately
25 per 100,000 at age 50, increasing to 78 per 100,000 in
those older than 70 years.”! The implementation of a national
screening program for AAA with the aim of reducing
aneurysm associated mortality is recommended.”!

Once an aneurysm has been detected by routine physical
exam and radiographic studies, the risk of rupture is
weighed against the risk of surgical repair for each
individual patient. The major determinant for risk of rupture
is aneurysm diameter. In the absence of historical data on
patients with aortic aneurysms, the risk of rupture is
estimated from the respective diameters of the abdominal
aorta. The risk of operative complications is determined not
only by age, cardiac and pulmonary function, but also by the
extent of aorta involved.

Without surgery, studies indicate the 5-year survival rate
for patients with aneurysms larger than five centimerter is
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about 20%."”! Elective surgery is recommended in current
clinical practice for patients with aneurysms larger than 5.5 cm
in diameter and with aneurysms larger than 4.5 cm in diameter
that have increased by more than 0.5 cm in the past six months.””
Although the progression of AAA is that of a continuing
growth, the rupture risk at small aneurysm size may be low,
thus, surveillance is regarded as a safe approach, while
avoiding exposure of the patients to the unnecessary risk of
early or late procedure-related complications.”*®" Current
guidelines of the Vascular Society and the National Screening
Committee recommend that patients with asymptomatic
aneurysms of less than 4.5 cm in diameter should be followed
up with ultrasound every 6 months, and aneurysms of 4.5~
5.5 cm in diameter should be followed up every three or six
months.”!

2  Treatment options

Definitive therapy for aortic aneurysms is to prevent
aneurysm rupture, for example, by placement of the dilated
segment of aorta with a prosthetic graft. To determine
whether an individual patient is a candidate for graft
replacement, many factors need to be considered, including
the risk of aneurysm rupture, life expectancy, anticipated
quality of life after the operation, and the risk of surgical
treatment.'”!

2.1 Open surgical repair

For more than half a century, open surgical repair has
been regarded as the gold standard to treat AAAs with a
high degree of success, and it is still widely performed in
many clinical centers. The basic goal of surgical repairis the
exclusion of the aortic aneurysm from the systemic circulation
with preservation of blood flow to the pelvis and legs via an
implanted new vascular conduit (usually a synthetic fabric
or expanded polytetrafluoroethylene). This is usually
achieved by incision of the aneurysm sac; removal of mural
thrombus; ligation of patent branch vessels (such as superior
mesenteric or inferior mesenteric artery) arising from the
aneurysm sac; selection of a graft of appropriate size and
shape; suturing anastomosis of the graft to the artery at
proximal and distal segments to the aneurysm; and, finally,
closure of the decompressed aneurysm sac over the synthetic
graft material.

This is a major and invasive surgery and the overall
operative mortality for elective surgical repair is 4% or less,
but can be as high as 8.4%, depending on the experience of
operating centers and the patient’s cardiovascular condition.™”!
The major causes of peri-operative morbidity are cardio-
vascular, hemorrhagic and septic complications.'*'")

2.2 Endovascular aneurysm repair-minimally invasive
technique

In an attempt to reduce the surgical risk in patients with
associated medical conditions, less invasive techniques of
AAA repair have been considered. About two decades ago,
minimally invasive techniques emerged limited only to the
repair of infrarenal aneurysms but recent technical develop-
ments allowed them to be extended to the suprarenal aorta.l'* ¥
Instead of graft replacement via an extensive procedure
through abdominal or flank incision under general anesthesia,
a thin-walled prosthesis is compressed into a catheter,
introduced into the femoral artery via a limited groin
incision under local anesthesia, and advanced into the
abdominal aorta to exclude the aneurysm from the systemic
circulation.

Endovascular repair of AAA, as evaluated by the
endovascular aneurysm repair (EVAR) and the Dutch
Randomized Endovascular Aneurysm Management (DREAM)
trials, is reported to have lower 30-day mortality than
conventional open repair..'">'” The EVAR trial 1 is one of
the largest of planned trials of endovascular versus open
surgery repair of AAA with recruitment of 1082 patients
from wvarious clinical centers distributed in European
countries.l"” In the trial, a clear short-term benefit of EVAR
has been reported with 1.7% of patients dying within 30
days compared with 4.7% of those treated with open
surgery. In addition, EVAR had at least two-thirds lower
30-day and in-hospital mortality compared with open repair.
Similarly, the DREAM trial, comparing open and endova-
scular repair of AAA, concluded that endovascular repair is
preferable to open repair over the first 30 days after the
procedure."® These randomized, controlled trials indicated
that in patients who are candidates for both open surgery
and EVAR, endovascular repair leads to lower rates of
operative mortality and complications and the significant
reduction in the rate of systemic complications, thus, it is a
preferable approach in these patients.

The EUROSTAR (The European Collaborators Registry
on Stent-Graft Techniques For AAA repair) evaluated the
quality-adjusted life expectancy post-operatively for both
open surgical repair and endovascular repair of AAA.['")
The report showed that open surgery is preferred in younger
patients, but EVAR is better in older patients as it prolonged
a 70-year-old male’s life in poor health by three months.
EVAR is still considered the only choice of elective
intervention for very unfit AAA patients, (patients with
cardiac disease, chronic obstructive pulmonary disease,
diabetes, renal disease, cerebrovascular disease or peripheral
artery disease). However, the UK EVAR Trial 2 has
demonstrated that immediate endovascular repair does not
offer any benefit in terms of mortality, quality of life or
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costs within the first four years after treatment.!"® Since
unfit patients (patients with cardiac disease, chronic obstructive
pulmonary disease, diabetes, renal disease, cerebrovascular
disease or peripheral artery disease) are most likely
vulnerable to a number of co-morbidities, in particular, at
high risk of developing cardiovascular events (such as
myocardial infarction, stroke and atrial fibrillation), endova-
scular intervention should be justified in these patients.
Brown et al'” in their recent study reported that there is
only weak evidence to suggest a higher rate of cardiova-
scular events after EVAR than surveillance alone, and the
impact of EVAR in relation to no intervention is not being
influenced strongly by patient fitness. Their results suggested
that optimization of co-morbidities and improvement of
patient fitness should remain the goal in these unfit patients
before aneurysm repair is considered.

Although many dramatically successful early and midterm
results have been achieved with EVAR, and many advantages
have been demonstrated compared to open surgery,”*>* the
repeated qualifying statement concluding so many articles on
the topic of endovascular repair of AAA is that the long-term
results are yet to be determined. Medical imaging techniques
play an important role in the follow-up of EVAR with
regard to monitoring the aneurysm changes and detecting
complications associated with the procedure.

3 Image visualizations

Unlike conventional graft procedures, the success of
endovascular stent-graft repair of AAA cannot be determined
by direct examination and therefore, relies on imaging
assessment. While conventional angiography has been losing
its dominant role for arterial imaging, spiral computed
tomography (CT) angiography has been confirmed as the

Figure 2.

best single imaging technique for both preoperative patient
assessment and aortic stent-graft surveillance. %!

3.1 Pre-operative EVAR-planning of stent-grafts

Successful endovascular AAA repair requires secure
placement of the stent’s proximal and distal segment in
non-dilated portions of the aorta and the iliac arteries.
Diagnostic imaging performed before AAA stent-graft
placement determines the anatomical suitability for the type
of stent grafting and provides measurements to size the
stent-graft. Axial CT images are most commonly used to
determine the maximal aneurysm diameter, including both
patient lumen and thrombus (Figure 1). However, 2D and
3D reconstructions, such as multi-planar reformation, maximum-
intensity projection and volume rendering visualizations are
also routinely generated to enhance the role of CT
angiography in planning EVAR, and provide additional
information for assessment of extent of the aneurysm, as
well as the relationship between aneurysms and arterial
branches (Figure 2).

Figure 1. An axial CT image shows a large aortic aneurysm with
extensive artery wall calcification. The black line refers to
measurement of the aneurysm diameter at transverse dimension,
while arrows indicate the calcification in the aortic wall.

3D volume rendering shows an infrarenal aortic aneurysm with near total occlusion of the abdominal aorta extending to the

common iliac arteries (long arrows in A). Left renal artery is also occluded with no enhancement of the left kidney. Coronal and sagittal
maximum-intensity projection images (B and C) demonstrate similar findings with extensive calcifications in the common iliac arteries (long
arrows in B). Short arrows refer to the collateral arteries, while arrowhead indicates the patent right renal artery.
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Pre-operative measurements include: the diameter and length
of the aneurysm, the centre line of the aneurysm with respect to
any curvature of the aorta, the diameter of the aneurysm neck, the
neck length (distance from the lowest level of the renal arteries to
the proximal segment of the aneurysm), and the diameter and
length of the common iliac arteries (Figure 3).#"*%

The dimensions and quality of the aneurysm neck are of
critical importance both for deployment of the stent-graft
and for satisfactory long-term results. An aneurysm neck
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less than 1.5 cm in length, excessive tortuosity or angulation
of the neck (greater than 60° relative to the axis of the
aneurysm) and barrel or conical shaped necks are adverse
features for infrarenal endovascular repair (Figure 4).%%
These situations suggest the need to choose a modified
stent-grafts with a suprarenal component for firm fixation
(with uncovered stent struts crossing the renal orifices) or
fenestrated stent-grafts with branched stents inserted into the
renal and other visceral arteries (Figure 3).%**
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Figure 3. Diagram shows preoperative planning of endovascular aneurysm repair with detailed measurements of the relevant parameters
and design of the stent-graft to be implanted in a patient with an infrarenal aortic aneurysm. (A). Viewing from the top to the bottom, scallop
fenestration, large fenestration and small fenestrations are recommended for the celiac axis, superior mesenteric artery and bilateral renal

arteries, respectively (B).

Figure4.  Extensive calcifications are noticed in a large infrarenal

aortic aneurysm with angulation in the proximal and distal
aneurysm necks.

3.2 Post-operative EVAR-routine imaging follow-up

Stent-graft integrity is of paramount to post-procedural

imaging. Because aneurysm shrinkage is the sure sign that
the stent-graft is working, sac size is closely monitored.
Thus, aneurysm sac change is a significant indicator for
determining the success or failure of EVAR. Diameter
measurement is the most commonly used method for determining
aneurysm size change, although various methods of diameter
measurements have been reported.”>" Traditionally, the
preferred imaging method for surveillance of EVAR is CT
angiography, which involves a series of maximal diameter
measurements of the aneurysm at regular intervals to
determine whether the aneurysm is shrinking, enlarging or
unchanged. Some studies, however, have demonstrated the
inaccuracy of diameter measurements, noting discrepancies
between volume changes and maximal diameter measurements,”>>

It is believed that volume measurement is superior to
diameter measurement, since it reflects all dimensional
changes of the aneurysm, but one has to admit that volume
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monitoring of sac size is too time-consuming for routine use.
Attempts have been made to produce faster segmentation

B4 and both manual and

methods for volume measurements,
semi-automatic segmentation techniques have shown satisfactory
results, with good intra- and inter-observer variability."*>*!
van Prehn et al.** demonstrated that fast and repeatable CT
angiography volume measurements could be achieved with a
semi-automatic method, indicating the possible clinical
application of volumetry to routine surveillance of AAA after
EVAR.

One of the principal reasons for EVAR failure is the
occurrence of endoleaks, defined as persistent blood flow
outside the graft and within the aneurysm sac. Endoleaks have
been categorized in detail,*”**! with their reported incidence
varying widely from 15% to 52%.%**) Type 1 endoleaks are
due to proximal or distal attachment site leaks (Figure 5), type 2
endoleaks are due to retrograde flow from aortic branches
(due to back-filling of the aneurysm sac via branch vessels,
such as lumbar arteries and inferior mesenteric artery) (Figure 6)
and type 3 endoleaks are due to component separation of
stent-graft or fabric tears. Type 4 endoleaks can only occur

Figure 5. A type 1 endoleak is present in the proximal and distal
segments of aortic stent graft, as demonstrated on the axial CT
images (long arrows in A and B). A type II endoleak (short arrow
in B) is also noticed within the aneurysm sac at the level of
common iliac artery due to patent inferior mesenteric artery
(arrowhead in B).

Figure 6. A type 2 endoleak (short arrows) is present in the
anterior aspect of an aortic aneurysm following endovascular repair
due to backfilling from the patent inferior mesenteric artery (long

arrows).

within 30 days of stent-graft insertion and are due to an
increase in graft wall (fabric) porosity. A further category,
known as type 5, or endotension, has been identified and
described as an increased intra-sac pressure after EVAR
without a visualised endoleak on contrast-enhanced CT
scans."’ Types 1 and 3 endoleaks are often considered
high-pressure leaks, requiring immediate attention to prevent
rupture.*? In contrast, type 2 endoleaks, the most common
type, are regarded as low-pressure leaks and thus, are
frequently dealt with by conservative approaches.

There is much debate concerning the management of
type 2 endoleaks, since it is not clear about the effect of type
2 endoleaks on long-term outcome of endovascular repair.
The management of type 2 endoleaks has consequently
evolved with time. Initially, many of these endoleaks were
treated by radiological or surgical intervention due to the fear
of aneurysm rupture. Recently, a more conservative approach
has been recommended because many of them seem to be
relatively benign. Rayt ef al.* showed that regular surveill-
ance for type 2 endoleaks was not associated with any adverse
events. The wide variation in the incidence of endoleaks is
largely related to the identification of as a type 2 endoleak,
which is a reflection of acquisition techniques and imaging
quality, especially at the end of the procedure when lumbar
vessels are likely to be still open. Thus, accurate detection and
identification of type 2 endoleaks by imaging modalities is
essential to determine the success of EVAR. The preferred
opinion among experts in the field is to take a non-inter-
ventional approach unless the aneurysm is enlarging.

It is generally accepted that contrast-enhanced spiral CT
angiography is the standard imaging method in the follow-up
of EVAR patients due to its high sensitivity and specificity in
detecting endoleaks.*** However, CT angiography has the
disadvantages of being used as a routine modality to follow-
up endovascular repair of AAA. Although some authors feel
that CT angiography is a useful modality for identifying
endoleaks, they believe it is less effective in helping to classify
endoleaks compared to conventional angiography because it is
difficult to determine direction of blood flow from a routine
CT angiography.

Stavropoulos et a showed that classifying endoleaks
using conventional angiography resulted in a change in
management in 11% of patients compared with CT angio-
graphy results. Others recommended the use of multi-phase
CT scans to improve detection of endoleaks and differentiate
progressive aneurysm expansion as a result of low-flow
endoleaks from endotension."**”! This leads to another
disadvantage of CT angiography for routine follow-up, which
is radiation exposure. Repeated CT scans for EVAR
follow-up put patients at risk of receiving cumulative
radiation dose, which could contribute to the radiation-

I [45]

http://www.jgc301.com; jgc@jgc301.com | Journal of Geriatric Cardiology



54

Sun ZH. Abdominal aortic aneurysm

induced malignancy.® A recent study investigating the
radiation exposure during EVAR reported that the mean
effective dose of invasive angiography was 27 mSv during
EVAR, and the entrance skin dose exceeded the threshold
value (2 Gy is generally accepted as the safe threshold dose
for avoiding skin damage) in 29% of patients,” which
explains the trend to move from CT to ultrasound surveillance.

Colour duplex ultrasound (CDU) scanning is less expensive
and does not involve ionizing radiation or potentially nephrotoxic
contrast. In addition, contrast-enhanced ultrasound displays
promising results in the detection of endoleaks.”**" Several
studies have reported excellent results with CDU and contrast-
enhanced ultrasound compared to CT angiography for better
identification and characterization of endoleaks.”*** In
current clinical practice, CT and ultrasound are both used
collectively as surveillance imaging tools, especially in the
early follow-up. When the aneurysm sac begins to shrink, it is
reasonable to move from CT to ultrasound, reserving CT for
patients with suspected aneurysm sac re-enlargement or
endoleaks.”*”!

Magnetic resonance imaging (MRI) is less commonly
used than CT angiography and ultrasound in the follow-up
of EVAR, mainly because the stent-grafts must be MR

Figure 7.

compatible. Patients with stainless steel devices are ineligible
for MRI surveillance because of the significant metallic
artifacts that affect image quality. Although promising
results have been reported in some studies showing the
superiority of MRI over CT in detecting or classifying
endoleaks,***) MRI is unsuitable for routine follow-up of
EVAR due to its high cost and limited availability. In
addition, further studies are required to define the exact role
of MRI/MR angiography for follow-up of patients after
EVAR, especially since the design of MR-compatible
stent-grafts would be essential.

3.3 Post-operative EVAR-3D imaging follow-up

Similar to the role in preoperative planning, CT angiography
has been complemented by a number of post-processing
methods to produce a 3D representation of anatomical structures
in the EVAR follow-up (Figure 7). Among these 3D recon-
structions, virtual intravascular endoscopy (VIE) is a unique
visualization tool as it provides intraluminal views of the
abdominal aorta, its arterial branches and stent- grafts
(Figure 8). Studies using VIE in the evaluation of patients
treated with stent-grafts have demonstrated that VIE provides
advantages over traditional 2D visualization methods.** ")

LightSpeedVCT

Slab: 6.18

3D volume rendering (A) in a patient treated with fenestrated stent-graft shows different colours, such as red and white, are

coded to blood vessels and bones and stent wires, respectively. Coronal maximum-intensity projection (MIP) (B) shows that fenestrated renal
stents are placed inside the renal arteries with successful exclusion of the aneurysm, while thin-slab MIP image (C) clearly demonstrates the

intra-aortic fenestrated stents.

Figure 8.

Virtual intravascular endoscopy demonstrates intraluminal appearances of the celiac axis and superior mesenteric artery (SMA)

ostia (A), left renal ostium (arrows in B) and right renal ostium (arrows in C).
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The primary application of VIE in aortic stent grafting is
to demonstrate the stent wire-renal ostia relationships in
patients treated with suprarenal stent-grafts, since there are
concerns about the potential effect of the suprarenal
component on subsequent renal blood flow and renal
function.”** VIE is regarded as a valuable technique since
it is superior to other visualization tools and offers a clear
3D intraluminal view of the stent wires and their position
relative to the renal ostia (Figure 9). The long-term effects
of suprarenal stent grafting are not well understood, thus,
the ability of VIE to characterize the stent wire—ostia
relationship will prove a useful research and diagnostic tool
that will enable identification of any detrimental effects that
suprarenal stent struts may have on the renal artery ostium
and hence on renal function.

Another useful application of VIE in aortic stent grafting
with the aim of treating patients with short aneurysm necks
is to evaluate a recently developed endovascular technique,
fenestrated stent grafting which represents technical develop-
ments over conventional infrarenal and suprarenal stent-grafts
with the aim of treating patients with short aneurysm necks.
The fenestration involves creating an opening in the graft
fabric to accommodate the orifice of the vessel targeted for
preservation. Fixation of the fenestration to the renal and
other visceral arteries can be achieved by implantation of
bare or covered stents across the graft-artery ostia interfaces
so that a portion of the stents protrudes into the aortic lumen.

Figure 9. 2D axial images show that suprarenal stent graft is
placed above the left renal artery (arrows in A) and superior
mesenteric artery (SMA) (arrows in B) in a patient treated with
aortic stent-graft. Corresponding virtual intravascular endoscopy
confirms that the left renal and SMA ostia are crossed by a single
and multiple stent wires, respectively. Short arrows in C and D
indicate the renal and SMA ostia, while long arrows refer to the
suprarenal stent wires.

Hence, there are concerns about the loss of target vessels,
such as renal arteries, due to the fenestrated technique.
Branched fenestrated grafts may offer an alternative
solution. A tapered graft with internal or external branches
provides greater flexibility in graft morphology. This allows
for an increased margin of error in the stent-graft deployment
without risking target vessel coverage.””® VIE visualization
has proved to provide valuable information about the
intraluminal appearances of fenestrated renal stents (Figure 10),
and any procedure-related complications such as deformity
of the stents (Figure 11). These studies suggested that VIE

Figure 10. Coronal reformatted images (A,B) reveal the fenestrated
renal stents that were implanted in a patient treated with fenestrated
stent-graft. Corresponding virtual intravascular endoscopy images
show the fenestrated renal stents (C and D) with normal circular
appearance. Arrows indicate the intra-aortic protrusion of bilateral
renal stents (arrows in A and B) with a large intra-aortic extension
from the left renal stents (arrows in B).

V

Figure 11. Virtual intravascular endoscopy shows the flaring
effect at the inferior component of right renal stent (A) due to
balloon inflation during fenestrated stent grafting procedure, and
deformed right renal stent (B). Arrows indicate the intraluminal
appearances of fenestrated renal stents.
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could be used as a complementary tool to conventional
visualizations for the accurate assessment of treatment
outcomes of endovascular repair of AAA P66

3.4 Post-operative EVAR-computer modeling

CT angiography provides excellent anatomical details of
abdominal aorta and stent-grafts, thus enabling assessment
of the diameter of aneurysms and stent-grafts relative to the
aortic branches. Despite these advantages, CT angiography
is limited to image visualization and does not provide
information about hemodynamic changes to the abdominal
aorta and renal arteries following implantation of stent-grafts.
Although the mechanisms are unknown, stent placement
may alter local hemodynamcis, which might lead to the
dispersion of late multiple emboli when coupled with wall
movement.'” Thus, studies based on computer modeling of
AAA pre-and post-stent grafting will assist analysis of
hemodynamic changes of the blood vessel, even before the
morphological changes such as stenosis or occlusion to the
renal or other visceral arteries are actually formed.

Computer simulation of conventional stent-grafts and
fenestrated stents in anatomically and physiologically-
accurate patient models allows improvement of stent-graft
design and investigation of stent-grafts interaction with the
arterial wall in a 3D patient-specific basis. Computational
fluid dynamics (CFD) is a numerical method which can
provide valuable information that is extremely difficult to be
obtained experimentally. Rigorous CFD analysis is
increasingly performed to study the fluid phenomenon
inside the human vascular system. Different experimental
and numerical studies have focused on the hemodynamic
changes in AAA with and without a stent-graft.!”>*) These
studies either computed wall stresses'™ or simulated the
interaction between blood flow and aneurysm wall'® in
order to assess prognostic factors for aneurysm rupture
risk,!**%) or measured the flow pattern in stented AAA
(Figure 12),°Y or investigated the forces on bifurcated
stent-grafts.**! Only a few studies focused on determining
the changes of blood flow after stent-graft implantation by
application of coupled fluid structure interaction dynamics.!” !

CFD analysis of the flow patterns before and after EVAR
and calculation of the resulting flow velocity, wall pressure
and shear stress improves understanding of the stent-graft
performance (Figure 13A and B). Technical developments
such as patient-specific modeling and 3D finite element
methods for simulated blood flow allow for realistic
computational modeling of blood flow in the abdominal
aorta,'® 7" thus increasing our understanding of the effect of
stent-grafts or stents on renal function (Figure 13C).

Given the availability of these computational method-
ologies, future endovascular devices can be tested in 3D

computational models that accurately reflect the in vivo flow
conditions, thus, long-term durability will be tested in
simulated models prior to implantation of the devices in
patients. This allows for improved endovascular device
designs with improved long-term safety and effectiveness of
the devices.

4 Future directions

While open surgery still remains the gold standard for
treatment of patients with AAA, there is no doubt that
EVAR has been confirmed as an effective alternative to
open surgery. EVAR continues to benefit more patients and
it will become more applicable and durable with technical
improvements. New stent-graft technology, such as fenes-
trated and branched grafts, makes this technique available to
more patients, especially in those with unsuitable aneurysm
necks,**">71 although long-term follow-up is needed to
prove the stability and patency of fenestrated vessels.
Lifelong surveillance is necessary after EVAR, and there is
increasing evidence of a trend from using conventional CT
follow-up to ultrasound monitoring. Recent data suggest that
EVAR is most beneficial in the fittest patients, who may
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Figure 12. A computer modelling of aortic aneurysm pre-and
post-stent grafting is based on a realistic patient CT data. Turbulent
flow pattern with low flow velocity is noticed inside the aneurysm
(A) prior to stent grafting, but the flow becomes laminar and flow
rate increases after stent graft placement (B). Low wall shear is
observed inside the aneurysm (C), with the shear stress increasing
following stent graft placement (D).
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Figure 13. Computer modelling of abdominal aorta with a focus on blood flow to the renal artery prior to stent graft placement (A). After
simulation of suprarenal stent wires crossing the renal arteries, flow pattern and flow velocity are not affected (B). With simulation of

fenestrated renal stents with a 5 mm intra-aortic protrusion (C), flow recirculation is seen in the proximal parts of renal arteries due to stent

protrusion.

survive longer.*’ Hence, the long-term risk of radiation-
induced malignancy needs to be considered when choosing
CT as the method of choice for routine follow-up.

Traditional post-EVAR imaging-based surveillance restricted
to the monitoring of changes in AAA morphology and the
detection of endoleaks has proven unreliable in preventing
aneurysm rupture.”” The expansion of the aneurysm sac
depends on sac pressure. Pressure measurements of the
aneurysm sac are increasingly being recognized as the most
accurate indication of AAA exclusion.*”* 7" Quantitative
hemodynamic changes of flow rate and flow pattern caused
by stent-graft implantation can be analysed with CFD, thus
allowing more accurate assessment of treatment outcomes.
CFD is a highly promising technique and improves our
understanding of the local structural and fluid dynamic
conditions in patients with AAA after stent-graft placement.
The future development of more realistic, patient-specific
models will demonstrate the potential to assist stent-graft
design and improve the success rate of endovascular aneurysm
repair.
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