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Abstract

“Atherosclerotic” abdominal aortic aneurysms (AAAs) occur with the greatest frequency in the distal
aorta. The unique hemodynamic environment of this area predisposes it to site-specific degenerative
changes. In this review, we summarize the differential hemodynamic influences present along the
length of the abdominal aorta, and demonstrate how alterations in aortic flow and wall shear stress
modify AAA progression in experimental models. Improved understanding of aortic hemodynamic
risk profiles provides an opportunity to modify patient activity patterns to minimize risk of
aneurysmal degeneration.
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1. Introduction

AAA is a common and frequently lethal age-related disease process that affects 6% of men
and 1% of women over the age of 60 (Ashton et al., 2002; Lawrence-Brown et al., 2001;
Lederle et al., 2000; Lindholt et al., 2002). Although aneurysms may develop throughout the
length of the aorta, abdominal aneurysms are at least 5 times more prevalent than thoracic or
thoracoabdominal aneurysms. This review introduces the concept of “regional pathogenic risk”
in aortic disease, describing how the unique hemodynamic conditions present in the infrarenal
aorta may modulate biologic mechanisms predisposing to aortic degeneration. We examine
the relationship between aortic flow conditions and aortic aneurysmal degeneration in both
experimental models and in patients, and examine how exercise may favorably influence
hemodynamic conditions to reduce risk for or progression of AAA disease. Current imaging
modalities allow for evaluation of patient-specific hemodynamic patterns; derivation of AAA
growth and rupture risks through computational modeling techniques are also discussed.

1.1. Systemic influences on AAA disease pathobiology

Risks of rupture and sudden death are most closely related to aneurysm diameter. Infrarenal
aortae > 3 cm in diameter are generally considered aneurysmal; AAAs > 6 cm have a 10 to
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20% chance of rupture within 12 months, and one third of all AAAs eventually rupture if left
untreated (Darling et al., 1977). Surgical intervention is currently the only treatment shown to
be effective in preventing AAA rupture and aneurysm-related death. Elective repair is reserved
for aneurysms considered at risk for rupture or clinical evolution (> 5.5 cm in diameter) based
on the likelihood of aneurysm related-death exceeding the surgical risk. AAA rupture or
complications following surgical treatment are responsible for an estimated 30,000 deaths per
year (Kent et al., 2004); AAA is the 131 leading cause of adult mortality, and the 3 leading
cause of sudden death in men > 65 years of age (Cowan et al., 2006). Current management of
early AAA disease (4.0 cm to 5.5 cm in diameter) calls for serial imaging and clinical
surveillance, coupled with medical management of traditional atherosclerotic risk factors.
Approximately 70% of small AAA will require surgical repair within 10 years of initial
diagnosis (Brady et al., 2002). The modest efficacy of current medical interventions to prevent
AAA progression has recently been reviewed (Baxter et al., 2008).

The increasing use of endovascular approaches to exclude, rather than resect, AAAs, has been
accompanied by a nationwide decline in procedure-related morbidity and mortality (Dillavou
et al., 2006). Despite improved perioperative outcomes, however, endovascular aneurysm
repair (EVAR) has limitations of its own, including blood flow developing outside of the graft
either early or late following placement, termed “endoleaks”, requiring lifelong imaging
surveillance and occasional reintervention (Brewster et al., 2003). The overall value of EVAR
vs. traditional open surgical repair has been difficult to assess in the last decade, due to almost
continuous improvement in device and imaging technology. The results of a national
prospective randomized trial comparing the two were recently published (Lederle et al.,
2009). Two prospective trials have considered the potential benefits of EVAR management in
AAA < 5.5 cm in diameter; the PIVOTAL trial (USA) recently ended enrollment (Ouriel K,
2009), unable to demonstrate improved outcomes or reduced costs with early procedural
intervention. The CAESAR trial (Europe) is ongoing.

Prior screening studies have identified advanced age, male gender, cigarette smoking, family
history, hypertension, obesity, hypercholesterolemia and concomitant coronary or
cerebrovascular arterial occlusive disease as distinct AAA risk factors (Blanchard et al.,
2000; Lederle et al., 1997; Lederle et al., 2000; Singh et al., 2001). Although epidemiologic
associations are well recognized, the mechanisms promoting AAA disease development in
each case are less well understood. Cigarette smoking is the most significant acquired risk;
smokers have up to a 7-fold increased risk for AAA disease; AAA has the closest association
to cigarette smoking than any other save lung cancer, and 90% of all AAA patients have been
regular smokers at sometime during their lifetimes (Baxter et al., 2008; Lederle et al., 2003).
Obesity represents another significant acquired risk; waist circumference and waist-to-hip ratio
have been independently associated with AAA after adjustment for other known risk factors
and serum levels of the pro-inflammatory adipokine, resistin, correlate strongly with aortic
diameter (Golledge et al., 2007). Female gender, African American race, regular aerobic
exercise and diabetes mellitus are protective against AAA disease. The disproportionate
influence of environmental and behavioral risks in disease pathogenesis is highlighted by the
fact that, excluding individuals with congenital aneurysm syndromes such as Marfan Syndrome
or Ehlers Danlos Syndrome, positive family histories can be obtained from only 15% of patients
with AAA disease (Kuivaniemi et al., 2008; Verloes et al., 1995).

Research efforts in AAA disease remain focused on understanding the patho-biological
mechanisms underlying aneurysm development. Although circulating biomarkers are being
investigated for their utility in assessment of AAA status (Dalman et al., 2006; Golledge et al.,
2008), aneurysm diameter remains the principle clinical determinant of disease progression
and rupture risk. Expansion rates average 2—-3 mm/year, influenced by baseline diameter and
the above mentioned systemic risk factors. On the basis of a systematic review from population-
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based, randomized, controlled screening trials, the United States Preventative Services Task
Force concluded that AAA screening may reduce AAA-related mortality by 43% in men aged
65-75 years (Fleming et al., 2005). Supported by this evidence, the 2007 Screening Abdominal
Aortic Aneurysms Very Efficiently (SAAAVE) (Lee et al., 2009) amendment included
ultrasound screening to the Initial Preventative Physical Examination (IPPE) as a new
federally-funded benefit provided by Medicare in response to the high prevalence and lethality
of AAA disease.

1.2. Regional influences on AAA disease pathobiology

In comparison to the well-recognized systemic AAA risk factors detailed in the preceding
section, few studies have measured or defined regional pathogenic risks. The marked
predilection for aneurysmal dilatation in the abdominal as compared to thoracic segments
draws attention to physiologic and anatomic features unique to the distal aorta. The infrarenal
aorta is the most common site of extracranial aortic aneurysm formation. Differential
hemodynamic influences present along the length of the aorta may work in concert with other
regional factors to explain this preferential distribution. Region-specific structural differences
are well-recognized along the aorta; the elastin-collagen ratio declines along the length of the
aorta, reducing elasticity and wall motion (Ailawadi et al., 2003a). Reduced distal aortic
elasticity, in combination with augmented pressure due to pulse wave reflections from the
aortic bifurcation and other downstream arteries, may increase wall strain and aneurysm
suseptibility. Extracellular matrix integrity and proteolysis may also vary regionally; increased
expression and activity of matrix metalloproteinase-9 (MMP-9) is present in the native
infrarenal murine aorta compared to thoracic and aortic arch specimens. However, when the
thoracic and abdominal segments are transposed, thoracic segments increased MMP-9
expression when transplanted to the abdomen, while abdominal segment demonstrated reduced
MMP-9 expression when transplanted to the thoracic segment (Ailawadi et al., 2003b).

The term “hemodynamic forces” refer to the kinetic energy generated by the flow of blood
through arteries and veins. Vascular endothelial and smooth muscle cells are constantly
exposed to the dynamic influences of flowing blood. Cellular responses to these physical
stimuli influence vessel wall homeostasis (Hsiai, 2008). Hemodynamic forces relevantto AAA
pathogenesis can be resolved into three components: 1) wall shear stress (WSS), the tangential
force exerted by moving blood along the axis of flow; 2) hydrostatic pressure, the perpendicular
force acting on the vascular wall; and 3) relative wall strain (RWS), the circumferential stretch
of the vessel wall exerted by cyclic luminal pressure changes and the resulting tensile stress
(Figure 1).

Hemodynamic conditions vary markedly along the aorta, from high Reynolds numbers at the
aortic root to low and oscillatory shear conditions at the aortic bifurcation (Greve et al.,
2006). Most relevant to AAA disease pathophysiology, and its predilection for the distal-most
aortic segment, is the marked difference between resting aortic WSS in the thoracic and
abdominal aorta. In suprarenal aortic segments, flow is antegrade throughout the cardiac cycle,
providing continuous antegrade laminar WSS. In the infrarenal aorta, WSS values are lower,
and reverse flow is present in late systole and diastole. In response to reduced distal arterial
resistance and increased flow, such as is demonstrated in the response to even modest lower
extremity exercise, WSS becomes antegrade and laminar throughout the cardiac cycle,
mimicking those characteristic of more proximal aortic segments. These distinct regional
differences in hemodynamic influences may account for some component of the differential
aneurysm risk noted between the thoracic and abdominal aortic segments.

At the interface between blood and the vessel wall, vascular endothelial cells sense and respond
to differential hemodynamic forces (Hsiai, 2008). Complementary in vitro data from human
umbilical vein and bovine aortic endothelial cultures suggest several potential mechanisms by
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which exposure to steady physiologic shear stress may suppress pro-inflammatory gene
expression (De Keulenaer et al., 1998). Following acute application of laminar SS to cultured
endothelial cells, ion channel activation activates downstream signaling cascades such as the
c-Jun N-terminal kinase (JNK) and mitogen-activated protein kinase (MAPK) pathways
(Resnick et al., 2000), leading to shear-responsive gene transcription. In rodent models,
increased antegrade shear stress stimulates anti-oxidant, anti-inflammatory, and anti-apoptotic
aortic gene expression (Dalman, 2003). Known shear-responsive genes include ICAM-1,
cycloxygenase-2, eNOS, Smad6, TGF1, copper zinc superoxide dismutase (SOD2),
thrombomodulin and heme oxygenase-1 (HO-1) (Wasserman et al., 2002). These shear-
responses may ultimately mitigate inflammation (Gimbrone et al., 1999) and proteolysis in the
infrarenal aorta, suggesting mechanisms by which regional differences in aortic hemodynamic
conditions may account for differential aneurysm risk.

2. Clinical relevance of aortic hemodynamic conditions

2.1. Resistive aortic hemodynamics

Several clinical associations highlight the pathogenic significance of resistive hemodynamic
conditions on AAA progression. Patients with major limb amputation were found to be five
times more likely to have AAAs > 40 years following injury than non-amputee patients
matched for traditional AAA risk factors (Vollmar et al., 1989). Spinal cord injury (SCI) is
also independently associated with increased prevalence of AAA disease. SCI greatly
diminishes distal aortic blood flow and promotes chronically low antegrade and oscillatory
shear stress conditions in the infrarenal abdominal aorta (Yeung et al., 2006). Multiple previous
reports note increased AAA prevalence in symptomatic peripheral vascular disease (PVD)
patients (Sandgren et al., 2001; van den Bosch et al., 2001). Although shared risk factors exist
for both PVD and AAA, PVD is also associated with reduced lower extremity activity and
resistive hemodynamic conditions in the infrarenal aorta. Resistive aortic hemodynamics may
also promote expression of reactive oxygen species (ROS). The significance of oxidative stress
in AAA disease has been demonstrated by increased ROS production and evidence of oxidative
injury in human AAA compared with non-aneurysmal aortic segments (Miller et al., 2002);
however, the exact mechanism by which sedentary lifestyle and associated resistive
hemodynamics promote aneurysm formation remains unknown. Characterization of clinical
hemodynamic conditions and their influences on aortic remodeling may identify novel
therapeutic strategies, such as prescribed activity regimens, to minimize inflammation and
aneurysmal degeneration in the infrarenal aorta.

2.2. Aortoiliac adaptation to spinal cord injury

To examine the influence of ambulation, and ambulation-related abdominal aortic
hemodynamic conditions on aneurysm disease risk and progression, we performed abdominal
aortic ultrasound imaging on a consecutive series of SCI patients aged > 55 years old, who had
been unable to walk for at least 5 years (Yeung et al., 2006). This patient cohort was chosen
to represent the extreme examples of inactivity and resistive aortic hemodynamics. Aortic and
iliac artery diameters in SCI patients (n = 123) were compared to those of age and risk-factor
matched ambulatory control patients (n = 129) without prior diagnosis of abdominal or iliac
aneurysm disease.

Each subject underwent fasting abdominal ultrasound imaging limited to the aorta and iliac
arteries. Classification of aortic diameter was similar to previously reported studies, with
normal defined as < 2.0 cm, > 2.5 cm classified as enlarged, and > 3.0 cm aneurysmal (Lederle
et al., 1997). Within the entire cohort, the average aortic diameter was larger in SCI than in
control subjects (2.3cm SCI vs. 2.0cm control, p<0.01); however, iliac artery imaging
demonstrated significantly reduced iliac diameter present in the SCI group. This latter
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observation was expected; chronic flow decreases result in the inward vascular remodeling and
narrowing of lower extremity arteries in SCI patients (Yeung et al., 2006; Tang et al., 2008),
but the co-existence of larger aortas and smaller iliac arteries had not been previously
recognized as characteristics feature of SCI or adaptation to non-ambulatory existence.

Aortic magnetic resonance angiography (MRA), in a subset of randomly selected SCI patients,
demonstrated enlarged distal aortic segments adjacent to diminished iliac arteries (Figure 2,
Yeung et al., 2006). Aortic hemodynamic conditions in SCI patients, as determined by cine
phase-contrast magnetic resonance flow imaging (PC-MRI) and computational modeling,
demonstrated marked reductions in antegrade flow and WSS throughout the cardiac cycle.
When compared to “normal” activity patterns for the most sedentary category of ambulatory
and healthy control subjects, time-averaged daily aortic WSS in non-ambulatory SCI patients
was still less than 50% of controls (mean aortic WSS values 3.01 dyne/cm? for SCI vs. 7.23
dyne/cm? for control subjects, p=0.06). Increasing aortic diameter in the aneurysmal aorta
produces even lower values of WSS (Figure 3,Dalman et al., 2006).

Although SCI patients also typically manifest disproportionately elevated traditional risks for
AAA disease (Bauman and Spungen, 1994; Bauman et al., 1999; Zeilig et al., 2000), these
risks (including cigarette smoking) were well controlled in our study, suggesting that sedentary
existence or the hemodynamic consequences of SCI may represent a unique and independent
AAA risk.

3. Modeling hemodynamic influences on AAA disease

3.1. Consequences of flow variability on experimental AAA diameter

Since human AAA specimens obtained at the time of operative repair are typically acellular
and atretic (representing end-stage disease), biologically relevant murine AAA models have
been developed to better characterize the inciting events of aneurysm formation. To investigate
the mechanisms linking hemodynamic forces and aneurysm pathogenesis, we incorporated
variable flow conditions into the well-described rodent porcine pancreatic elastase (PPE)
infusion AAA model (Anidjar et al., 1990). Intra-aortic elastase infusion reliably produces
AAA:s in rats and mice within 14 days. Sustained flow loading was accomplished by distal
arteriovenous fistula creation (Abbruzzese TA, 1998), increasing aortic flow, WSS, and
relative wall strain (RWS) > 300%, without influencing blood pressure or heart rate (Nakahashi
etal., 2002). In normal aortae without PPE infusion, the increased flow, WSS and RWS induced
by distal AVF creation stimulated modest aortic enlargement, an effect consistent with high
flow-induced outward remodeling (Guzman et al., 1997; Karwowski et al., 1999; Tronc et al.,
2000). Interestingly, this physiologic increase in aortic diameter in response to flow loading
(Masuda et al., 1999) produced unexpected results in AAA models; AAA growth was reduced
in the flow-loaded aorta, regardless whether high flow conditions were induced days before or
after PPE infusion (Figure 4, Nakahashi et al, 2002). To simulate decreased blood flow
conditions, unilateral common iliac artery ligation was performed, resulting in a 44% reduction
in aortic flow compared to normal conditions. At 7 days post elastase infusion, AAA created
in conjunction with unilateral common iliac artery ligation (LF-AAA) were almost twice as
large as those created in high-flow aortae following AVF (HF-AAA group, Figure 5, Hoshina
et al., 2003). Although AVF creation did increase heart rate, no significant changes in tail or
central aortic blood pressure were noted under a wide range of experimental conditions (either
femoral or aorto-caval AVF formation). From these experimental observations we concluded
that variable flow conditions markedly influenced AAA progression in experimental models.
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3.2. Consequences of flow variability on aneurysm inflammation and cellularity

Variable flow conditions and resulting influences on aortic WSS regulate vascular remodeling
through a complex interplay between cellular proliferation, monocyte adhesion and transmural
migration, and extracellular matrix homeostasis. Hemodynamic influences on arterial
remodeling include response to flow, pressure and wall strain (Langille et al., 1996). Because
aortic cellularity represents such a critical element of ongoing mural integrity, we analyzed the
morphologic and cellular consequences of variable flow conditions in experimental AAAS
(Hoshinaetal., 2003). HF-AAAs demonstrated decreased smooth muscle cell (SMC) apoptosis
and cellular preservation within the aortic wall with qualitative evidence of elastin and collagen
preservation compared to LF-AAAs. LF-AAAs demonstrated a greater density of mural
neovessels, defined as single-cell layer capillaries proliferating in the medial and adventitia in
association with increase mononuclear cell infiltration. Increased mural neovascularity, a
significant feature of human AAA disease (Choke et al., 2006a; Choke et al., 2006b), may
promote aortic aneurysm degeneration via mononuclear cell chemotaxsis and activation
(Murakami et al., 2006). Using real-time reverse transcriptase polymerase chain reaction (RT-
PCR) to amplify total RNA for vascular endothelial growth factor-D (VEGF-D), its specific
receptor KDR, and platelet-derived growth factor-p (PDGF-f), we noted increased pro-
angiogenic gene expression in LF-AAAs associated with increased mural neovascularity on
CD-31 immunostaining.

Mural macrophage density in experimental AAA varied in an inverse dose-response
relationship to luminal flow velocity and volume (Sho et al., 2004a). Within the aneurysm wall,
macrophage density varied directly with distance from the lumen (media > adventitia),
highlighting the relationship between the luminal interface and mural inflammation. In addition
to direct influences on endothelial shear receptors, reduced antegrade or oscillatory WSS may
promote monocyte binding and mural infiltration (Chatzizisis et al., 2007). Pro-inflammatory
chemokine and cytokine expression (granulocyte macrophage-colony stimulating factor (GM-
CSF) and monocyte chemoattractant protein (MCP-1) also varied inversely with luminal flow
(Figure 6, Sho et al., 2004b).

Variable hemodynamic conditions also influence localization and differentiation of circulating
vascular progenitor cells. Vascular progenitor cells, identified as CD34+ (Sho et al., 2004b),
have previously been recognized in medial and adventitial neovessel in human AAA specimens
(Kobayashi et al., 2002). In the circulation, these adult peripheral blood cells may
transdifferentiate into endothelial cells, macrophages or vascular SMCs at sites of arterial
injury, potentially playing a critical role in vascular function (Xu et al., 2004; Zhang et al.,
2004). In our variable flow models, HF-AAAs contained more mural CD34+/a-actin co-stained
cells/cross-sectional area than NF- or LF-AAAS, suggesting that high shear environments
directed differentiation towards maintenance of mural smooth muscle cellularity. In contrast,
LF-AAA demonstrated proportionally more CD34+/CD31+ cells, in association with
increased inflammation and neocapillary formation, suggesting that low shear conditions
promoted differentiation of circulating vascular progenitor cells into adventitial neo-
capillaries.

In subsequent experiments, we identified heme-oxygenase-1 (HO-1) as enzyme, previously
recognized to be highly relevant to human aneurysm pathophysiology (Schillinger et al.,
2002), that may be differentially regulated in experimental AAA by variable flow conditions
(Nakahashi et al., 2002). In vascular cells, HO-1 catalyzes carbon monoxide, biliruibin, and
biliverdin. These byproducts attenuate arterial injury and response through a variety of
mechanisms, including decreased macrophage migration, reduction in pro-inflammatory
cytokine production and gene expression via modifications of NFkB, AP-1, and STAT
transcription factor activities (Tobiasch et al., 2001; Tulis et al., 2001). Mural HO-1 expression
varied directly with flow velocity and volume in our variable flow models (HF- > NF- > LF-
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AAA), and expression was associated with variable reactive oxygen species (ROS) production
(LF > NF > HF). Other shear-responsive, oxido-reductive genes expressed in high flow
conditions include glutathione S-transferase and NAD(P)H:quinine oxidoreductase (Chen et
al., 2002). These results suggest that flow-responsive anti-oxidant gene expression and ROS
scavenging is one additional mechanism likely responsible for hemodynamic modulation of
AAA disease.

The influence of variable flow conditions on aneurysm progression may not be limited solely
to the abdominal aorta. The phenomenon of post-stenatic dilatation is well-recognized in many
peripheral arterial beds, and recent observations suggest that areas of reduced shear predict
subsequent enlargement and clinical progression of intra-cranial “berry” aneurysms (Hassan
et al., 2005; Humphrey and Taylor, 2008). In the intracranial arterial circulation, mural
adaptations to reduced WSS include significant increases in MMP activity, synthesis of
extracellular matrix proteins, and apoptosis (Mimata et al., 1997; Humphrey and Taylor,
2008).

4. Translational Applications

4.1. Predicting AAA growth and rupture

While aortic diameter has generally proven to be an effective determinant of risk for aneurysm
rupture and aneurysm-related mortality, some small AAAs continue to rupture prior to reaching
surgical size thresholds, while other larger AAAs never require surgery. Increased precision
in assessing risk for aneurysm rupture and clinical progression would improve current
treatment outcomes while reducing the expense and risk of unnecessary reconstructive
procedures performed for patients at low risk of clinical evolution. In a recent review by Vorp
(2007), the aortic mural stress:strength ratio calculated for individual aneurysms is promoted
as an effective determinant of rupture risk. The stress:strength analytic tool calculates the
imbalance between wall stress and wall strength as the primary determinant of aneurysm
progression. The time at which wall stress exceeds strength varies depending on patient-
specific features and is not predicted by diameter determination alone.

Other parameters suggested to predict AAA growth and clinical evolution include intraluminal
thrombus thickness (Stenbaek et al., 2000), wall tension (Hall et al., 2000), wall stress
(Raghavan et al., 2000a), and vessel asymmetry (Doyle et al., 2009). Due to the accelerated
loss of medial elastin, aortic aneurysm tissues are stiffer than non-aneurymal aorta, and this
stiffness is accentuated in the circumferential direction (He and Roach, 1994; Raghavan and
Vorp, 2000b; Vande Geest et al., 2006a). The utility of quantifying aortic stiffness as a predictor
of aneurysm progression, while initially promising, has not been borne out in subsequent
analyses (Sonesson et al., 1999; Humphrey and Taylor, 2008).

Peak wall stress has also been promoted as a sensitive and specific risk index; Fillinger et al.
(2002) demonstrated that peak wall stresses calculated in vivo for AAAs near the time of rupture
were significantly higher than peak stresses for electively repaired AAAs, even when matched
for maximal diameter (ruptured, 47.7+6 N/cm?2, emergent symptomatic, 47.5+4 N/cm?,
elective repair 36.9+2 N/cm?, p=0.03) (Fillinger et al., 2002). Other investigations have
identified the peak wall stress among AAA patients to be located on the posterior surface of
the wall with statistically significant differences between aneurysmal and non-aneurysmal
cases (Raghavan et al., 2000a). Subsequent studies used these methods to differentiate acuity
and need for surgery in patients under observation for urgent intervention (Fillinger et al.,
2003). This determinant, while reproducibly predictive of progression in investigational
applications, has not achieved widespread acceptance or utilization in clinical practice.
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Interest in the stress:strength balance equation led to the recent development of a novel
predictive instrument, the rupture potential index (RPI), to predict clinical progression (Vande
Geestetal., 2006b). Using well established three-dimensional reconstruction and finite element
method techniques, wall stress simulations were created from CT scans of ruptured and non-
ruptured repairs. The wall strength was estimated using a mathematical model which accounts
for the spatially varying influences of ILT thickness, aneurysm wall dilation, and global
influences of sex and family history. Between the two groups there were no significant
differences in the maximum transverse diameters (6.8+0.3 cm vs 6.1+0.5 cm, p=0.26) or peak
wall stress (46.0+4.3 N/cm? vs 49.9+4.0 N/cm?, p=0.62). Ruptured AAAs demonstrated a
significant decrease in minimum wall strength (81.2+3.9 N/cm2and 108.3+10.2 N/cm?,
p=0.045) leading to a higher RPI value (ruptured = 0.48+0.05 vs nonruptured = 0.36+0.03,
p=0.10). Although not reaching statistical significance, the lower p-value of the RPI compared
to the results for diameter and peak wall stress comparisons suggested that RPI may be able to
identify AAAs at increased risk for rupture. Subsequent work has demonstrated that inclusion
of wall calcifications into the aortic finite element analyses alters calculated stress distributions
and should therefore be included in the rupture risk assessment (Speelman et al., 2007).
Although only a weak correlation was found between the calcification index (Cl: percentage
of total wall surface area occupied by calcifications) and peak stress, consistent with other
studies (Li et al., 2008), their results suggested that the location and shape of the calcified
regions, not only the relative amount, are considerations that influence AAA wall stress. The
clinical utility of these and related indices remain to be determined — to date they have not
gained widespread acceptance or application to clinical applications.

More recently, methods of determining vessel asymmetry in the anterior-posterior plane have
been introduced into three-dimensional AAA models to determine the relationship between
wall stress and geometrical parameters. In many aneurysms, diameter enlargement is
asymmetric, with primarily anterior protrusion. The posterior region is often constrained from
radial expansion by the adjacent spinal column. In a study of fifteen AAA patients, Doyle and
colleagues demonstrated that posterior wall stress increases with anterior centerline asymmetry
and therefore, assessment of the degree of bulging and asymmetry of an aneurysm may aid in
surgical decision-making (Doyle et al., 2009). In comparison to a modified symmetric
aneurysm, introduction of asymmetry increased peak wall stress by 48% and increased
posterior wall stress by 38% between the two models.

With the advent of more accurate imaging techniques and reconstructive capabilities to
determine wall stress and strength patterns in vivo, such biomechanical methods have produced
promising early results in determining aneurysm risk profiles. Further investigation linking
these hemodynamic modeling studies to potential interactions with biologic phenomena or
inflammatory pathways, material properties of the aorta, and genetic or other known risk factors
such as the effects of smoking or obesity will expand the relationship between biomechanical
evaluation and clinical prognostication.

4.2. Influence of lower extremity exercise on local and systemic AAA risk factors

Previous studies of AAA prevalence did not consider the influence of reported activity,
measured exercise capacity, or limb status in determining relative risk factors for aneurysm
disease (Brady et al., 2004; Lederle et al., 1997). These indices of lower extremity activity and
time-averaged aortic hemodynamic status may, as discussed above, be of significant relevance
to the pathophysiology of AAA disease. Understanding the mechanisms by which exercise
contributes to the prevention and regression of cardiovascular disease may potentiate the
development of new and effective therapies either incorporating components of exercise
therapies or pharmacologic mimicry of its salutary effects. Exercise, in combination with
smoking cessation, is the most effective medical therapy for intermittent claudication (Weitz
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et al., 1996) presumably due, in part, to the hemodynamic alterations in the major vessels. In
addition to these local effects, the systemic benefits of exercise training and physical fitness
include areduction in central adiposity and relevant inflammatory mediators such as C-reactive
protein (CRP), TNF-a, IL-1 and IL-6 levels which may reduce AAA progression (Ford,
2002; Berg and Scherer, 2005). Mild levels of lower limb exercise in humans have been shown
to increase flow rate and wall shear stress, as well as decrease oscillations in flow in the
infrarenal abdominal aorta (Niezen etal., 1998; Pedersen et al., 1999; Taylor etal., 2002). Even
short episodes of exercise can lead to biological changes in arteries exposed to increased blood
flow and elevated shear stress to mediate cardiovascular fitness even after the cessation of
physical activity (Green et al., 2004). These exercise induced changes in hemodynamic
conditions have been hypothesized to inhibit atherosclerosis and enhance transport of
cholesterol from the vessel wall (Tang et al., 2006). It has been demonstrated in vitro that the
vascular endothelium can sense and respond to high shear environments by alignment in the
direction of flow, upregulation of vasodilators and antioxidants such as endothelium derived
relaxation factor/nitric oxide (Schalet et al., 1997), and downregulation of vasoconstrictors,
inflammatory molecules (Vainas et al., 2003), and adhesion proteins (Tang et al., 2006).
Exercise has long been recognized to reduce all-cause mortality and vascular-related
complications in patients with CV disease (Myers et al., 2002). However, in addition to the
widely known systemic benefits achieved with exercise, the protective influences of increased
antegrade flow may provide a feasible and physiologic means for altering regional
hemodynamics and attenuating AAA progression.

4.3. Biomechanical consequences of lower extremity activity

Novel computational flow simulations provide a means to quantify and visualize complex
temporally-resolved hemodynamic changes along the entire abdominal aorta with high
resolution. To test the ability of lower extremity exercise to modify aortic flow in the infrarenal
aorta, hemodynamic conditions were quantified in healthy subjects aged 50-70 years (Cheng
et al., 2003b) during rest and exercise. Previous MR analyses of volume flow rate have been
limited to motionless states, however for these experiments, an MR-compatible cycle was built
into the General Electric 0.5T open magnet to measure variable blood flow velocities in the
abdominal aorta in vivo (Cheng et al., 2003c). The MR-compatible stationary cycle allows for
dynamic evaluation of subjects that sit upright in the bore and pedal, achieving higher levels
of exercise in a natural position (Taylor et al., 2002). Cine PC-MRI techniques were used to
obtain anatomic and through-plane velocity maps perpendicular to the abdominal aorta during
rest and exercise conditions. Application of a level set segmentation method was used quantify
velocity data, blood flow rate, WSS and temporal oscillations of flow. Both supraceliac and
infrarenal blood flow increased significantly from rest to exercise (Figure 7, Cheng et al,
2003b). Wall shear stress also increased with exercise from 2.0+0.7 dynes/cm? to 7.3+2.4
dynes/cm? in the supraceliac aorta and 1.4+0.8 dynes/cm? to 16.55.1 dynes/cm? at the
infrarenal level (both p<0.001) (Cheng et al., 2003a). Compared to a younger group of subjects
aged 20-30 years old (Tang et al., 2006), the older subjects were noted to have lower mean
supraceliac WSS with greater oscillations at rest but the magnitude of change towards improved
hemodynamic conditions with exercise was noted to be more dramatic than the younger group.
These findings demonstrated that 1) moderate levels of exercise create aortic hemodynamic
conditions that may reduce pro-inflammatory and pro-aneurysmal conditions within the
abdominal aorta, and 2) the benefits of hemodynamic alteration may be more significant for
older subjects given their increased adverse baseline conditions at rest.

4.4. Therapeutic considerations

Given the potential benefits that lower extremity exercise may confer to aneurysm risk and
disease progression, recently initiated a randomized, controlled clinical trial of supervised
exercise training to limit progression of early AAA disease. As a component of this study,
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subject-specific geometrical models from MRA and PC-MRI datasets indicate that exercise
effectively eliminates areas of low WSS and increases turbulence within the aneurysm as
compared to rest (Figure 8, White and Dalman, 2008). The low, oscillatory and stagnant flow
seen at rest in the AAA is largely eliminated during exercise as demonstrated by a decrease in
the oscillatory shear index measured throughout the aorta. Although these studies support the
hypothesis that exercise training will modify hemodynamic conditions towards a favorable
profile to reduce aneurysm growth, the larger scope of the study is to assess the impact of
physical activity on aneurym progression as monitored by ultrasound imaging and biologic
markers of disease over a three year period. Subject enrollment and exercise and monitoring
activities for this study are ongoing, but early experience indicates that exercise training is safe
and well-tolerated in patients with early aneurysm disease, and does not lead to paradoxical
aneurysm enlargment or increased rupture risk in the short (< 3 years) term.

5. Concluding Remarks

Local aortic hemodynamic conditions may influence the risk for and progression of aneurysm
disease. Compared with the suprarenal aorta, the infrarenal environment in resting subjects is
characterized by increased peripheral resistance, increased oscillatory wall shear stress and
stagnant flow. Several lines of investigations, both clinical and experimental, provide
increasing evidence that sedentary hemodynamic conditions contribute to disease
susceptibility through underlying influences on inflammatory tone. Experimental models of
AAA suggest an inverse relationship between aortic laminar SS and aneurysm expansion. The
possibility that hemodynamic conditions in the aorta may be modified physiologically to affect
the natural history of AAA disease has broad implications on aneurysm risk assessment and
treatment strategies. Current efforts to translate these hemodynamic observations are aimed at
examining the associations between physical activity and AAA progression through
incorporation of an ongoing supervised exercise clinical trial. Results from this study may
further elucidate the biological mechanisms behind the protective effect of exercise-induced
hemodynamics and demonstrate a highly effective adjunct to attenuate AAA disease.
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Figure 1.
Hemodynamic forces relevant to AAA pathogenesis; hydrostatic pressure, the perpendicular

force acting on the vascular wall (A), wall shear stress, the tangential force exerted by moving
blood along the axis of flow (B), and tensile hoop stress, the stress in the aortic wall acting
circumferentially and produced by the resulting pressure (C).
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Figure 2.

Magnetic resonance angiography of the abdominal aorta in spinal cord injury (SCI) patients
showing characteristic vascular phenotypes of ectatic distal aortic segments adjacent to
diminished iliac arteries. Adapted from Yeung et al., 2006, J. Vasc. Surg. 44, 1254-1265 with
permission.
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Geometric modeling of resting WSS estimates at peak systole of normal aorta, SCI aorta and
4cm AAA from left to right, respectively. Adapted from Dalman et al., 2006, Ann. N. Y. Acad.

Sci. 1085, 92-109 with permission.
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Figure 4.

Maximum aortic diameter at day O, 7, or 14 days after PPE infusion (POD indicated
postoperative day) as a function of normal flow (sham) or flow loading (AVF) applied either
before (experiment 1) or after (experiment 2) PPE infusion (*p<0.05 against normal flow
group). Reprinted from Nakahashi et al., 2002, Arterioscler. Thromb. Vasc. Biol. 22, 2017-
2022 with permission.
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Figure 5.

Changes in aortic diameter after PPE infusion with iliac artery ligation (low-flow) or femoral
arteriovenous fistula creation (high-flow). (*p<0.05 against preoperative diameter, tp<0.01
compared with low-flow AAA). Reprinted from Hoshina et al., 2003, J. Vasc. Surg. 37, 1067—
1074 with permission.
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Figure 6.

Flow-dependent expression of relevant cell markers, cytokines, growth factors and growth
factor receptors. AAA mRNA expression analysis determined by real time PCR. Data reported
as the ratio of target molecules versus normal control aortic tissue. Reprinted from Sho et al.,
2004b, Arterioscler. Thromb. Vasc. Biol. 24, 1916-1921 with permission.
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Figure 7.

Schematic of the human aorta with imaging planes at the supraceliac and infrarenal levels and
flow data from a representative healthy subject, aged 59, at rest and during cycling exercise.
Blood flow rate waveforms (top) show significant increases in flow at both the supraceliac and
infrarenal levels from rest (left) to exercise (right) throughout the cardiac cycle. Also note that
reversal of flow at the infrarenal level at rest is eliminated during exercise. Velocity surface
plots are shown for the supraceliac and infrarenal levels of the aorta at rest (left) and during
exercise (right) at peak systole (A), end systole (B), and end diastole (C). Blood velocities
increase from rest to exercise for all cardiac phases, and most of the negative blood velocities
near the walls of the supraceliac and infrarenal levels at end systole (B) at rest (left) become
positive during exercise (right). Wall shear stress plots (bottom) reveal that nearly all of the
negative wall shear stress present in the infrarenal aorta during diastole at rest is eliminated
with exercise. Reprinted from Cheng et al., 2003b, Atherosclerosis. 168, 323-331 with
permission.

Vascul Pharmacol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Dua and Dalman Page 23

Rest Exercise

e
S
-
-
®
/
Velocity (cm/s)
0.0 15.0 30.0 450 60.0

[ e =8

Figure 8.

Custom software was used to convert magnetic resonance data (left) to a three-dimensional
geometric model of the flow domain (center left). The three-dimensional model, in combination
with patient-specific blood flow information, was used to simulate blood flow in an aneurysm
during rest and exercise. During resting conditions, areas of low flow and flow stagnation exist
within the aneurysm even at peak systole (center right); these regions are decreased during
simulated exercise (right). Reprinted from White and Dalman, 2008, The Permanente Journal.
12, 10-14, with permission from The Permanente Press.
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