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Abstract

Aneurysms are malformations within the arterial vasculature brought on by the structural
breakdown of the micro-architecture of the vessel wall, with aneurysms posing serious health

risks in the event of their rupture. Blood flow within vessels is generally laminar with high, uni-
directional wall shear stressors that modulate vascular endothelial cell functionality and regulate
vascular smooth muscle cells. However, altered vascular geometry induced by bifurcations,
significant curvature, stenosis, or clinical interventions can alter the flow, generating low stressor
disturbed flow patterns. Disturbed flow is associated with altered cellular morphology, upregulated
expression of proteins modulating inflammation, decreased regulation of vascular permeability,
degraded extracellular matrix, and heightened cellular apoptosis. The understanding of the effects
disturbed flow has on the cellular cascades which initiate aneurysms and promote their subsequent
growth can further elucidate the nature of this complex pathology. This review summarizes the
current knowledge about the disturbed flow and its relation to aneurysm pathology, the methods
used to investigate these relations, as well as how such knowledge has impacted clinical treatment
methodologies. This information can contribute to the understanding of the development, growth,
and rupture of aneurysms and help develop novel research and aneurysmal treatment techniques.
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[. Introduction

Aneurysms are dilated or ballooned-out sections of the arterial wall due to their structural
and mechanical weakening. Many aneurysms remain asymptomatic, posing a minimal threat
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to patient health, but their rupture causes severe morbidity or mortality. In the cerebral
vasculature, aneurysms typically result from focal dilations of an artery, creating a bulbous
outcrop (saccular aneurysm) with a well-defined ‘neck’ connecting the aneurysm to the
parent artery. Such dilations are prevalent in ~3-5% of adults (Etminan & Rinkel, 2017)
and their rupture is fatal in 30-40% of cases (Hackenberg, Hanggi, & Etminan, 2018),

with survivors suffering severe neurological damage. Aneurysms are also prominent in the
abdominal aorta (AAA), characterized by > 1.5-fold increase in the entire diameter of a
vessel area (fusiform aneurysm), as opposed to a saccular aneurysm’s focal dilation of only
one side of an artery. AAASs pose a serious health risk, with a 90% mortality rate upon

their rupture (Boyd, Kuhn, Lozowy, & Kulbisky, 2016; Schmitz-Rixen et al., 2016). Surgical
methods have been employed to protect an aneurysm from rupture yet may not be the ideal
clinical option for patients for two reasons. First, surgical complications carry their own
risk of morbidity or mortality (Lim et al., 2015), which can occur at a higher rate than that
of aneurysm rupture. Currently, the clinical assessment of rupture risk is mainly based on
aneurysm geometric characteristics. For example, abdominal aortic dilation typically = 5cm
in diameter is thought to pose a high risk of rupture and therefore, is often advised to be
treated. Similarly, cerebral aneurysms > 7mm are also assumed to carry the greatest risk to
patients(Korja, Lehto, & Juvela, 2014). However, not all large aneurysms rupture, and very
small aneurysms may rupture at not-insignificant rates (Ikawa et al., 2019; Lee, Eom, Lee,
Kim, & Kang, 2015). Secondly, surgical interventions can place a large economic burden
upon patients (Modi et al., 2019; Monsivais et al., 2019; O’Brien-Irr et al., 2017), which

go up significantly in the event of complications. Understanding the conditions that impact
the initiation, development, and possible rupture of an aneurysm could help the assessment
and clinical decision making when dealing with these potentially life-threatening arterial
malformations.

Although the full scope of mechanisms causing the development, expansion and possible
rupture of aneurysms are unknown, flow disturbances in the vasculature play an important
role. Aneurysms are often located at locales susceptible to disturbed flow (Bacigaluppi
etal., 2014; D. A. Chistiakov, Orekhov, & Bobryshev, 2017; X. Liu, Sun, Fan, & Deng,
2015; Morbiducci et al., 2016; Roth et al., 2017), e.g. vessel bifurcations and significant
vasculature curvatures (Figure 1). In straight sections of the vasculature, hemodynamic
flow follows a laminar, semi-unidirectional pattern with tangential stressors on the vascular
wall, referred to as wall shear stress (WSS), at rates that maintain vascular homeostasis
and physiology(Baeyens, Bandyopadhyay, Coon, Yun, & Schwartz, 2016), such as ~15
dynes/cm? in the internal carotid artery and ~4 dynes/cm? in the supracelliac/infrarenal
aorta(C. Cheng et al., 2007) (both areas of common aneurysm development). However, in
some specific arterial areas, such as the apex of bifurcations and areas of high curvature,
aberrant hemodynamic conditions often occur. Bifurcations in the cerebral arterial system
are locales that can give rise to recirculating flow with oscillating stressors and heightened
WSS rates at the bifurcation apex and low WSS adjacent to apices. In a study by Dolan et
al., areas of high WSS coupled with positive WSS gradients act as a contributor towards
pathological arterial remodeling and IA formation (Dolan, Kolega, & Meng, 2013), and this
observation has been validated by further studies (Geers et al., 2017). Alternatively, areas
of high vessel curvature in the cerebral internal carotid artery cause different detrimental

J Cell Physiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunderland et al.

Page 3

hemodynamic conditions: high WSS along the outer edge of the curve, and oscillating flow
with low WSS along the inner curvature. Abdominal aorta bifurcations generate differing
flow patterns than their cerebral bifurcation counterparts: low, oscillatory flow with reduced
WSS, high WSS gradients at the aortic wall, with the faster, more unidirectional flow in
the central portion of the artery. Continued expansion of the aneurysmal wall can further
exacerbate localized reductions in WSS and lead to larger areas of flow recirculation. The
differences between flow conditions in the abdominal aorta versus cerebral arteries are

due in part to adverse pressure gradients generated by the decreasing blood pressure from
cardiac systole to diastole. Additionally, the deceleration of flow from the vascular aorta

to the abdominal aortic bifurcation with the greatest flow alteration along the arterial wall,
coupled with pressure gradients can lead to the reversal and recirculation of flow (Tanweer,
Wilson, Metaxa, Riina, & Meng, 2014). Such pressure gradients are less prominent in the
cerebral vasculature.

While the arterial system is sensitive to changing WSS, lengthy exposure to stressors outside
physiological ranges may damage vascular cells and trigger pathological responses. The
correlation of flow disturbances and aneurysms directs research toward 1) understanding
disturbed flow’s role in aneurysm development (Achille, Tellides, Figueroa, & Humphrey,
2014; Can & Du, 2015), 2) analyzing disturbed flow to differentiate aneurysms likely to
rupture from those to remain stable (Tsuji et al., 2017; Xiang et al., 2016), and 3) developing
novel aneurysm treatment methodologies (X. Liu et al., 2015; Sindeev et al., 2018).

Vascular Structure.

Avreas of likely aneurysm development, cerebral arteries, and the abdominal aorta are
multi-layered systems with each layer helping to maintain arterial physiology: the inner-
most tunica intima, middle tunica media, and outer-most tunica adventitia. The intima
consists of an endothelial cell (EC) monolayer encapsulating the vessel’s lumenal space
and is directly exposed to the hemodynamic environment. The EC layer regulates
biomacromolecule permeability (Benn, Bredow, Casanova, Vukicevi¢, & Knaus, 2016;
Ghim et al., 2017; Mundi et al., 2017; Reglero-Real, Colom, Bodkin, & Nourshargh, 2016)
and acts as hemodynamic mechanosensors transducing fluid force into biochemical signals
(Cancel, Ebong, Mensah, Hirschberg, & Tarbell, 2016; Dorland & Huveneers, 2017). A
representation of EC mechanotransductor pathways can be seen in Figure 2. Hemodynamic
forces regulate ECs, with flow disruptions altering EC morphology, mechanotransductive
signaling (Baratchi et al., 2017; J. D. Humphrey, Schwartz, Tellides, & Milewicz, 2015),
protein expression (Baeyens et al., 2016; D. A. Chistiakov et al., 2017; Nakajima &
Mochizuki, 2017), and the selective permeability of the vasculature (P. Liu et al., 2018).

The tunica media is made primarily of vascular smooth muscle cells (vSMCs) which
regulate vessel contraction/dilation, modulating blood pressure in response to flow. VSMCs
also produce a significant portion of extracellular matrix (ECM) molecules, such as elastin,
collagen, fibrillin and proteoglycans which maintain arterial biomechanical and contractile
integrity (Bogunovic et al., 2019; Michel, Jondeau, & Milewicz, 2018). Altered vSMCs
reduce vessel contractility and integrity, features indicative of aneurysms (Jung, 2018;
Penn, Witte, Komotar, & Sander Connolly, 2014). Moreover, prolonged pathophysiological
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conditions can trigger vSMC apoptosis (in high WSS) or heightened proliferation/migration
(in low WSS) (Meng, Tutino, Xiang, & Siddiqui, 2014), further weakening the arterial wall
and risking possible aneurysm rupture.

While similarities exist in the cellular changes giving rise to AAAs and IAs, differences
occur between aneurysm types in terms of their triggers for initiation and expansion. As
expressed in a study by Humphrey and Taylor, understating the contrast in the biology and
hemodynamics of the differing aneurysm types can help improve the understanding of this
vascular pathology (J. Humphrey & Taylor, 2008). A prominent factor of fusiform AAA
initiation is intensified inflammation with the development of atherosclerotic plaque(s) that
lead to an intraluminal thrombus (Kuivaniemi, Ryer, EImore, & Tromp, 2015; Quintana

& Taylor, 2019). The accumulation of inflammatory components within the artery is
subsequently followed by an increased expression of oxidative stress (OS) and loss of
vSMCs. These changes, coupled with an increase in collagen I, 111, and a decrease in
elastin, lead to AAA initiation. Further expansion of an AAA is driven by increases in
atherosclerosis, enhanced expressions of proteases, and decreased amounts of collagen and
elastin (Brangsch et al., 2017). In contrast, the initiation of saccular 1As is more often
triggered by a loss of EC monolayer functionality, elastic lamina loss, and vSMC apoptosis,
leading to a thinning of their arterial media (Meng et al., 2014). Whereas the expansion

of a developed IA is noted by an increase in collagen I, a decrease in collagen I11, IV,

and elastin, and more inflammatory infiltrates, which exacerbate cellular apoptosis (Fennell,
Kalani, Atwal, Martirosyan, & Spetzler, 2016).

Figure 3 shows the general changes from healthy vessels to (AAA) aneurysms

and their possible rupture: degraded EC monolayer, macrophage infiltration, protein
breakdown(proteolysis) (Ramella et al., 2018; Sawyer et al., 2016), internal elastic lamina
loss (Savastano, Bhambri, Andrew Wilkinson, & Pandey, 2018; Shunli Wang et al., 2018),
and decreased collagen (Klaus et al., 2017; P. Liu et al., 2018).

Early histological analysis of aneurysm tissues uncovered many of the cellular differences
between healthy and aneurysmal tissues yet gave minimal insight into disturbed flow’s
role in said changes. Several /n vitro (Balaguru et al., 2016; Go et al., 2014; Xiang

et al., 2016), /n vivo (animal models) (Lysgaard Poulsen, Stubbe, & Lindholt, 2016; Y.
Wang et al., 2015; Xiang et al., 2016), and /7 sifico (J. Cebral et al., 2017; Seo, Eslami,
Caplan, Tamargo, & Mittal, 2018; Tian, Gawlak, O’Donnell, Birukova, & Birukov, 2016)
methodologies have been created to study disturbed flow’s impact on cellular structure,
function, signal transduction, and protein expression. This paper overviews recent (2014—
2020) understandings of disturbed flow’s role in aneurysm pathology, as well as established
and novel experimental methods/technologies for investigating disturbed flow. Moreover,
how the knowledge of disturbed flow has been utilized to develop new clinical aneurysm
treatments is also discussed.
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ll. Disturbed Flow and Vascular Remodeling

EC Permeability

The permeation of macromolecules, such as macrophages and leukocytes, from inside the
vessel lumen into the media layer is regulated by ECs (Cahill & Redmond, 2016b; Claesson-
Welsh, 2015). The adventitial pressure caused by interstitial fluid is roughly 10 mmHg, with
intraluminal arterial blood pressure at ~130/80 mmHg in humans. This outward pressure
gradient across the arterial wall would make macromolecule transport uncontrolled without
an internal regulatory layer. An altered permeability layer is associated with weakened
arterial strength and aneurysms at higher rupture risk (Michel et al., 2018; Soldozy et al.,
2019; Vakil et al., 2015).

Disturbed flow alters ECs’ permeability through the following mechanisms. First, ECs in
laminar flow maintain an oblong geometry with cytoskeletal and focal adhesion complexes
aligned along with flow directionality, forming parallel actin stress fibers across the cell

to minimize mechanical tension (Gimbrone & Garcia-Cardefia, 2016; Jufri, Mohamedali,
Avolio, & Baker, 2015). Low WSS (< 5 dynes/cm?) disturbed flow may result in actin
fibers aggregating at cell peripheries (Balaguru et al., 2016; Lay et al., 2019; Wong, LLanos,
Boroda, Rosenberg, & Rabbany, 2016), changing ECs to a round or polygonal shape, which
in turn increases the permeation of macromolecules into the vascular media (Gimbrone

& Garcia-Cardefia, 2016). Second, ECs are covered by proteoglycans and glycoproteins,
collectively called glycocalyx, which maintains barrier functionality and fluids permeability
(Uchimido, Schmidt, & Shapiro, 2019). ECs in laminar flow have a glycocalyx layer

24.4 + 5.95% thicker than those in disturbed flow (Scott Cooper, Emmott, McDonald,
Campeau, & Leask, 2018; Harding, Mitra, Mensah, Herman, & Ebong, 2018; Mitra et al.,
2018) with minimal glycocalyx coverage in aneurysms (1As) and in pro-atherosclerotic
regions (Bell & Baker, 2016; Diagbouga, Morel, Bijlenga, & Kwak, 2018). Third,
degradation of vascular glycocalyx impacts the regulation of vascular endothelial growth
factors (VEGFs) (Leblanc et al., 2019). Increased expression of VEGFs, a component of
angiogenesis and the uncoupling of EC cell-cell junctions (T. Li et al., 2017; X. Li et

al., 2017), triggers EC turnover which can cause ‘leaks’ in the EC monolayer. Fourth,
higher expression of VEGF causes a decrease in EC adherence junction proteins such

as vascular endothelial cadherin (VE-Cadherin). In disturbed flow, VE-Cadherin displays
discontinuous cell-to-cell connections, resulting in ‘gaps’ in the endothelium (Barry, Wang,
& Leckband, 2015; Reglero-Real et al., 2016). Disruptions to arterial permeability can

also lead to the accumulation of lipoproteins and leukocytes into the vascular media,
increasing vessel inflammation (Mundi et al., 2017). Additionally, when the endothelium is
significantly degraded, the hemodynamic environment can directly impact vSMCs, changing
their structure and functionality. vSMCs exposed to disturbed flow patterns often alter

to their synthetic phenotype: a more rhomboid morphology with decreased contractile
protein expression and increased elastolytic enzymes that degrade the ECM more than

their elongated counterparts in laminar flow (Petsophonsakul et al., 2019). This change also
elevates their growth rates and proliferation via phosphatidylinositol 3 kinase (PI13K)—protein
kinase B and extracellular signal-regulated protein kinase 1/2 (ERK1/2) expression (Qiu et
al., 2014), while reducing the ability of vSMCs to expand or contract in relation to changing
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hemodynamic conditions, altering the characteristics of the vascular wall and resulting in
vascular remodeling, which is a known factor in aneurysm developmen and rupture.

Vascular Inflammatory Response

While inflammation has been shown to play a key role in both AAA and IAs,

AAA formation is often driven by heightened atherosclerosis and intraluminal thrombus
formation, whereas inflammation-based degradation of an artery is considered as a greater
factor in 1A expansion and rupture (Piechota-Polanczyk et al., 2015; Quintana & Taylor,
2019; Starke, Chalouhi, Ding, & Hasan, 2015). Studies have demonstrated that chronic
inflammatory responses cause ECM degradation in both 1As and AAAs (Andreata et

al., 2018; Z. Cheng et al., 2018; Scott Cooper et al., 2018): 3-fold increase in CD45+
leucocytes in IAs vs healthy tissue (Strong, Amenta, Dumont, & Medel, 2015; Yan et

al., 2016) and 15% of cells positively stained for CD68+ macrophages in AAAS versus
1% in healthy vessels (Fennell et al., 2016; Quan et al., 2018). Disturbed flow induces a
2-fold increase in expressed EC intracellular adhesion molecule-1 (ICAM-1) (J. Chen et
al., 2015) and a 3-fold increase in EC vascular cell adhesion protein 1 (VCAM-1) (Reglero-
Real et al., 2016) versus cells exposed to laminar flow. Expression of these molecules
enhances lymphocyte, leukocyte, eosinophil, and basophil adhesion to EC cells (Bailey,
Moreno, Haj, Simon, & Passerini, 2019; Chung, Kim, Lee, An, & Kwon, 2015). ECs then
secrete cytokines, triggering inflammatory cell integrins to strengthen adherence, helping
bound inflammatory cells penetrate the EC layer through cell-cell adhesion gaps (Rainger
etal., 2015; Yeh et al., 2018). A second change is EC integrin’s response to disturbed
flow, triggering 10 times relative increase in the expression of EC phosphodiesterases 4
(PDE4) which inhibits anti-inflammatory factor cyclic adenosine monophosphate (cCAMP)
(Yun et al., 2016) (AAA). This duality of inflammation and inhibited cAMP heightens
atherosclerotic buildup of fats, cholesterol, and macrophages in the vessel media (1A)
(Peshkova, Schaefer, & Koltsova, 2016), with pro-inflammatory M1 macrophages shown to
be heightened within aneurysmal tissue (Dale et al., 2016). Inflammation also activates foam
cells: specialized macrophages which ingest low-density lipoproteins, causing damaging
atherosclerotic deposits on vessels (Dimitry A. Chistiakov, Melnichenko, Myasoedova,
Grechko, & Orekhov, 2017; D. A. Chistiakov et al., 2017; Ollikainen et al., 2016).

A third destructive change via disturbed flow is amplified transcription factor nuclear
factor kappa-light-chain-enhancer activated B cells (NF-xp) located in the animal cell
cytosol. NF-xp regulates pro-inflammatory genes tumor necrosis factor (TNF) cytokines,
increasing leukocyte adhesion and transendothelial migration, interleukins (IL)-1p that
activate T-lymphocytes cytokines for cellular proliferation, and the cellular migration and
infiltration moderator IL-6 (Baeriswyl et al., 2019; T. Liu, Zhang, Joo, & Sun, 2017,
Shimizu, Kushamae, Mizutani, & Aoki, 2019). NF-xp also triggers proteolytic enzyme
zinc-dependent endopeptidase matrix metalloperoxidases (MMPSs): MMPs-1,2,9 degrade the
AAA and IA ECM (Ramella et al., 2017; Signorelli et al., 2015; Turkmani, Edwards,

& Chen, 2015), MMP-8,13 increase AAA inflammatory recruitment and transmigration
(Travascio, 2017), and MMP-7,12 heighten inflammatory factor expression in 1As (W.
Zhang, Qiao, Zhang, Luo, & Sun, 2017). Particularly MMP-2,9 increase expression in
aneurysms: 2.4-fold MMP-2 in 1As and 449.2-fold increase in MMP-9 in AAA versus
[their] healthy vasculature (Brangsch et al., 2017; Ciavarella et al., 2015; Rojas et al.,
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2018). Increased inflammation and deregulated anti-inflammatory responses expose vessels
to lasting damage via ECM breakdown and weakened mechanical strength of arteries,
promoting aneurysms (Z. Cheng et al., 2018).

Disturbed flow also impacts vascular health through the alteration of mast cells, specialized
immune cells in connective tissues involved in allergic reaction and inflammation mediation.
Mast cell degranulation is triggered in part by sensing damage-associated molecular
patterns (DAMPs) from damaged and dying cells, which are heightened in disturbed flow
(Gong, Liu, Jiang, & Zhou, 2020). Degranulated mast cells release histamines, proteolytic
enzymes, heparin, and inflammatory mediators (Krystel-Whittemore, Dileepan, & Wood,
2016). Released histamine activates EC and vSMC H1 receptors, increasing vascular
permeability (Ashina et al., 2015; Krystel-Whittemore et al., 2016; Signorelli et al., 2015)
and contractility as to expel allergens from the body (Krystel-Whittemore et al., 2016)

in both cerebral and aortic arteries. Mast cells degranulation also releases inflammatory
cytokines: TNF-a. (Peshkova et al., 2016; Sathyan et al., 2015) which regulate immune cells,
interleukins IL-1p and IL-5 which stimulate B cell growth, chemoattractant cytokines IL-6,
IL-8 and IL-12 which increase leukocyte cytotoxic T cells and natural killer cell production
(Baratchi et al., 2017; Chatterjee, 2018; Green et al., 2018; Nishihara et al., 2017; Pan

etal., 2017). Increased degranulation causes tight junction breakdown, inflammatory cell
recruitment, and ECM remodeling (Brangsch et al., 2017; Ciavarella et al., 2015; Rojas et
al., 2018).

The intensified intrusion of inflammatory factors into the vessel media lead to alterations
and degradation of vSMCs. Inflammatory cytokines TNF-a and IL-1 trigger an increase in
vSMC ICAM-1, IL-6, and MMPs. For example, the increase of ICAM-1 can improve the
monocyte/macrophage and T-cell adhesion to cells, converting vSMCs from a contractile
phenotype to their synthetic phenotype, and spuring atherosclerotic buildup/plaques
(Novikova, Laktionov, & Karpenko, 2019).

Endothelial Cell Mechanotransduction

Disturbed flow alters EC expression of several cellular mechanotransduction complexes.
First, disturbed flow alters platelet endothelial cell adhesion molecules (PECAM-1)
(Moriguchi & Sumpio, 2015), increases EC growth factor (VEGF) and decreases VE-
cadherin (Chatterjee, 2018). These altered molecules trigger cellular signals that increase
EC immune cell adherence, leukocyte recruitment, and transendothelial migration. Second,
disturbed flow impacts WSS sensitive integrin (Sun et al., 2016; Xanthis et al., 2019),
transducers that activate Src homology domain 2-contaning kinase (Shc) (D. A. Chistiakov
et al., 2017) and focal adhesion kinases (FAK) (Harada et al., 2017), which activate NF-xB
(Baeriswyl et al., 2019). Activated NF-xB increases cellular response to cytokines and WSS
through p38 mitogen-activated protein kinase (MAPK) (Moriguchi & Sumpio, 2015) and
heightened cellular proliferation and apoptosis through Jun-amino-terminal kinase (JNK)
(Nakajima & Mochizuki, 2017).

Additionally, while membrane-bound glycocalyx helps maintain EC permeability, it also
plays a role in hemodynamic mechanotransduction (S. Cooper, McDonald, Burkat, & Leask,
2017; Harding et al., 2018; Mitra et al., 2018). Under physiologic laminar flow, glycocalyx
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triggers a 2-times relative increase in eNOS versus disturbed flow (Harding et al., 2018) and
subsequent nitric oxide (NO) production (Cancel et al., 2016; Zeng, 2017). NO regulates
vascular dilation/tone and limits vascular inflammation through the inhibition of NF-xB
(Cha, Hwang, Kim, & Jun, 2018; McDonald, Cooper, Danielzak, & Leask, 2016) which
inhibits the expression of ICAM-1. Disturbed flow degrades components of EC glycocalyx:
sialic acid glycoproteins (Harding et al., 2018), long-chain polysaccharides heparan sulfate
(McDonald et al., 2016), and hyaluronic acid (Mitra et al., 2018). Altered expression of
these components hinders glycocalyx’s ability to function as a mechanotransductor, reduces
expression of eNOS, increases ICAM-1, and lessens ECs function to regulate permeability
(S. Lietal., 2015; W. Li & Wang, 2018; Mitra et al., 2018).

Alterations to EC mechanotranscuction also change intercellular signaling, which can
stimulate vSCMs in the tunica media to undergo functional changes and/or increased
proliferation. In a study by Zhu et al., atherogenic, disturbed shear stress was shown

to increase the activation EC membrane-bound protein 3 (VAMP3) and synaptosomal
associated protein 23 (SNAP23). Activation of these proteins cause the subsequent release
of nonmembrane-bound microRNA miR-126-3p, an intercellular molecule that increases
turnover of the vSMCs, leading to smooth muscle cell hyperplasia(Zhu et al., 2017).

Oxidative Stress on Vascular Cells

In arterial ECs, the maintenance of reactive oxygen species (ROS) and antioxidant defenses
such as nitric oxide (NO) which inhibits platelet function and inflammatory cell adhesion
(Karimi Galougahi, Ashley, & Ali, 2016; Ritchie, Drummond, Sobey, De Silva, & Kemp-
Harper, 2017), must be balanced to maintain vascular health. A breakdown in said balance is
referred to as Oxidative Stress (OS) and triggers pathophysiological cellular dysfunction via
inflammation (Cahill & Redmond, 2016a), degraded adherence junctions (Chattopadhyay,
Raghavan, & Rao, 2017), cellular proliferation, angiogenesis, and cellular apoptosis. Several
ROS sources exist within the endothelium, forms of NADPH oxidase (NOX1 and NOXO1)
(Siu, Gao, & Cai, 2016), mitochondrial oxidase, and iNOS (Burger, Turner, Munkonda,

& Touyz, 2016; Siu et al., 2016; Tong et al., 2016). ECs exposed to disturbed flow

alter the balance of ROS and OS defenses through multiple mechanisms. First, disturbed
flow triggers a 1.5-times relative increased expression of NOX over laminar flow (D. A.
Chistiakov et al., 2017; Yuan et al., 2018). Changes in NOX expression also cause a

positive feedback loop within the vasculature: NOX activates ROS, which increases NOX,
exacerbating vascular OS (Forrester, Kikuchi, Hernandes, Xu, & Griendling, 2018). Second,
disturbed flow and NOX reduces the expression of atheroprotective endothelial nitric-oxide
synthase (eNOS): 50% decrease versus laminar flow (Harding et al., 2018). eNOS aids in
NO synthesis, with reductions weakening ROS/OS regulation (Balaguru et al., 2016). Third,
in the presence of macrophages, NOX causes an increase in O,~ and a 1.5-fold increase in
H,0, (Forrester et al., 2018; Hsieh, Liu, Huang, Tseng, & Wang, 2014; Siu et al., 2016).
Amplified vSMC H,0, exacerbates ECM osteopontin expression, an inflammatory mediator
promoting vascular macrophage infiltration and lipid oxidation, generating atherosclerotic
lesions which break down collagen and elastin, weakening the arterial media (Byon, Heath,
& Chen, 2016). Increased O, oxidates low-density lipoproteins which instigate vascular
inflammation through monocyte and macrophage infiltration into the vessel wall (Q. Chen,
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Wang, Zhu, Xiao, & Zhang, 2018). Macrophages in the presence of OS also increase the

proinflammatory cytokine TNFa which activates YAP/TAZ transcriptional factors for the
regulation of VCAM-1 production (Choi, Kim, Kim, Seo, & Heo, 2018; Signorelli et al.,

2018), increasing leukocyte adhesion and infiltration into the intima.

As aforementioned, the breakdown of the endothelium exposes the underlying vSMCs

to direct hemodynamic tension, and OS which also has negative impacts on vSMCs’
functionality. Low shear stress has been shown to trigger ROS within vSMCs and enhance
proprotein convertase subtilisin/kexin type 9 (PCSK9), an enzyme that regulates cholesterol
via low-density lipoprotein receptor (LDLr) expression (Ding, Liu, et al., 2015). vSMC
exposed to low-shear disturbed flow displays a bi-direction increase in PCSK9 and ROS,
with each enhancing the expression of the other. This duality negatively impacts LDLr and
leads to LDL deposition in the vasculature, increasing inflammation and/or exacerbating a
possible atherosclerotic environment.

Cellular Apoptosis

When exposed to low (<2 dynes/cm?) WSS recirculating flow, the endoplasmic reticulum

of arterial cells has reduced capability to correctly fold proteins, instead of releasing stress
receptor-bound proteins to trigger apoptotic signaling (Chung et al., 2015). One such change
is the 3-times increase in the relative expression of DNA damage-inducible transcript 3
protein/C/EBP homologous proteins (CHOP) in disturbed flow versus laminar flow. While
the full extent of its impact on cellular cascades is unknown, increased expression of CHOP
is critical of cellular apoptosis (Y. Li, Guo, Tang, Jiang, & Chen, 2014). The second group
of proteins is apoptotic-signaling cysteine proteases (caspases) (Chung et al., 2015; Pan et
al., 2017) with a 4-times relative expression increase of caspase3 (Serbanovic-Canic et al.,
2017) and caspasel12 (Pan et al., 2017) within recirculating flow versus cells in laminar flow.
A third group are interleukins, with ECs in disturbed flow and treated with interleukin-1
receptor antagonist (IL-1RA), an inhibitor of pro-inflammatory IL-1p, exhibiting a 2-times
decrease in the relative expression of CHOP and 2.75-times decrease in apoptosis compared
with non-treated cells (Pan et al., 2017). Increased apoptosis has been noted via histological
analysis of areas known to elicit disturbed hemodynamic flow: remodeled vessels (Emrich
et al., 2015; Mahmoud et al., 2014; Zhao, Zhang, & Su, 2018) and aneurysms (Guo et al.,
2016; L.-X. Jia et al., 2015).

Heterogeneity of Aneurysmal Wall Characteristics

The cellular changes associated with aneurysm initiation, expansion, and possible rupture
are not uniform throughout affected arteries. Within the abdominal aortic wall, different
degrees of ECM alteration (Jana, Hu, Shen, & Kassiri, 2019) and intraluminal thrombi
(Leach, Kao, Zhu, Saloner, & Hope, 2019), have been noted and lead to non-uniform
expansion of the vessel/AAA geometry. Varied expansion of the AAA also modifies
hemodynamic dynamics within the afflicted artery (Salman, Ramazanli, Yavuz, & Yalcin,
2019), with areas of flow recirculation associated with greater platelet aggregation and
thrombus deposition (Boyd et al., 2016). Change within the wall of IAs also varies in
cellular alteration (Morel et al., 2018) and levels of cellular apoptosis (Juan Cebral et

al., 2017), which play a role in the non-uniform expansion of an aneurysmal sac. In
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IAs, areas of higher flow vorticity and WSS are often associated with an increase in
vascular inflammation, whereas areas of the aneurysmal wall exposed to lower WSS have
a greater loss of vSMCs and increased wall degeneration (Juan Cebral et al., 2017).

Studies have also shown the collagen content within the walls of aneurysms (1A and

AAA) vary, with non-uniform collagen diameter, density, and orientation within the arterial
lumen causing heterogenous mechanical strength of the aneurysm wall (Boyd et al., 2016;
Juan Cebral et al., 2017; Morel et al., 2018; Rao et al., 2015; Robertson et al., 2015;
Salman et al., 2019; Urabe et al., 2016). The varied expansion and mechanical strength

of aneurysms, in turn, alter WSS extrema within a system: simulated aneurysms with
assumed homogenous wall characteristics have altered wall stressors versus simulations
incorporating measured (varied) wall thickness (VoR et al., 2016). Further understanding of
how heterogenous mechanical strength of the aneurysmal wall impacts hemodynamics, or
how hemodynamic conditions could trigger differing levels of vascular degradation, could
improve the understanding aneurysm development and possible rupture.

Disturbed flow’s impact on arterial cells triggers a multitude of cellular cascades that cause
pathologic vascular changes indicative of aneurysms. Increased inflammatory adhesion
receptors, a breakdown in cell-cell adhesion proteins, and higher levels of oxidative stress
can all lead to increased inflammation in the vasculature, cellular apoptosis, and weakening
of the mechanical strength of the vessel wall. These changes result in a feedback loop
phenomenon in which the maladaptive bulging of the vessel wall exacerbates disturbed flow
patterns, leading to further cellular changes and possible rupture of aneurysms.

lll. Methods for Studying Disturbed Flow on Vascular Cells

Methodologies developed to study disturbed flow’s impact on arterial cells have proven
beneficial to understanding the complex cellular cascades indicative of aneurysms, as well
as helping to improve clinical treatment options. Methodologies can be separated into 3
categories, /n-vitro, in-vivo, and in-silico, each with their respective strengths in studying
aneurysms.

In vitro systems

A variety of /n vitro systems based on the principle of parallel-plate flow chambers
(PPFC) have been employed to examine the cellular changes caused by disturbed flow.
Specially designed flow chambers allow the study of desired flow patterns/shear stresses
over controlled time periods and specific geometries, while providing a highly controlled
and reproducible dynamic environment to the cells. PPFCs incorporate (at minimum) two
plates spaced at a fixed geometry to create a flow channel, with channel height and width
helping to control WSS generated in the system (Equation 1).

60u
T= —— 1
W H> (@)
where Q is the flow rate, W and H are chamber width and height, p (in Poise) as fluid
dynamic viscosity, and © is WSS (dyn/cm?). In PPFCs, a cellular monolayer is cultured onto
a bio-inactive substrate such as glass or silicone and placed into a chamber to which flow is
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moved through the channel using a syringe or peristaltic pump. Characteristic values of flow
waveforms and the generated wall shear stressors within PPFCs are often validated against
measured flow data (ie. color Doppler ultrasound) from areas of flow interest within the
vasculature (Y.-X. Wang et al., 2016). While PPFCs with rigid adherence to geometry (based
on Equation (1)) were invaluable in the study of hemodynamics’ impact on arterial cells,
they were incapable of determining how sudden stressor changes altered cells. Modified
PPFCs have been developed with sudden geometric changes or varied chamber height across
the flow path to generate both differing levels of WSS and varying WSS gradients within

the same system (Sonmez, Cheng, Watkins, Roman, & Davidson, 2020). Such chambers
make it possible to study how stressor variations impact arterial cells. The findings in PPFCs
are often validated via comparison to histological/genetic/protein analysis of vascular cells
in vivo. Such work has shown that similar changes exist between cells in PPFC and /n

vivo models for chemokine upregulation, neutrophil infiltration, increased activation of pro-
inflammatory pathways (i.e NF-kp) (Nowicki et al., 2014), growth factors and proliferation/
migration (L. Jia et al., 2020), and nitric oxide production (Ding, et al., 2015).

To generate disturbed flow patterns, a “‘step-down’ section following the PPFC flow inlet
results in well-defined swirling flow, followed by areas of flow reattachment, and resumed
laminar flow (Gomez-Garcia et al., 2018; Tovar-Lopez et al., 2019). However, the total area
exposed to disturbed flow in step-down PPFCs is minimal (~1mm monolayer length) and
does not allow for easy modification of disturbed flow patterns, meaning studying varied
disturbed flow characteristics is difficult to perform (Sonmez et al., 2020).

To overcome PPFC’s limitations, cone-plate viscometers utilize a bottom plate seeded with
cells, with a rotatable top cone at fixed angle 6. Shear stress within the system can be
calculated as:

T= 2T , Shear speed = @

Zr sine
37

0 @)

with T as the % full-scale torque (dyne cm), ras the system radius, and w as cone

speed (rad/sec). Cone-plate viscometers can generate continuous, pulsatile laminar, or
controlled disturbed flow patterns (Franzoni et al., 2016). Another system to expose cells
to swirling flow is orbital shakers, maneuvering a plate seeded with cells in a circular
motion to induce flow patterns(Warboys, Ghim, & Weinberg, 2019). Such systems helped
uncover disturbed flow’s impact on cellular degeneration, endothelial senescence (Warboys
et al., 2019), and barrier dysfunction (Z. H. Liu et al., 2017). yet typically only create
uniform, temporally stable swirling flow patterns. Such uniformity and/or stability of flow
disturbances is atypical of conditions /7 vivo. The inability of standard PPFCs to generate
complex disturbed flow that better mimics flow within aneurysms limits the understanding
of pattern characteristic’s impact on cellular changes.

Novel fabrication of flow chamber models which mimic aneurysm geometry helps
overcome the limitations of many PPFCs, generating flow patterns more akin to those
occurring /n-vivo. One such chamber type focuses on the creation of flow channels
with a simplistic bulbous portion at the bifurcation apex, mimicking a vessel bifurcation
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and a saccular 1A respectfully (Nowicki et al., 2014). Another method casts polymeric
organosilicon polydimethylsiloxane (PDMS) around a cylindrical object such as poly(methyl
methacrylate) PMMA optical fibers with a drop of water-soluble sucrose wax added to

the fiber to model a tubular structure with a simple saccular aneurysm (Mannino et al.,
2015). Removing the fiber post-PDMS coating creates a hollow flow channel that can be
seeded with ECs. Advancements in 3D printing have also been utilized to create “patient-
specific” vessel models for studying aneurysms (Kaneko et al., 2018). A person’s 3D
vascular structure is extracted from medical imaging data and fabricated using a 3D printer.
The structure can then be coated in PDMS, and once cured, the printing material can be
removed/dissolved and the now hollow PDMS structure can be seeded with ECs. Cells
exposed to flow in said printed models mimic characteristics seen /n-vivo. ECs elongated
(0.2 minor/major axis) along with flow directionality and low inflammatory expression

in straight areas while having an irregular shape (0.6 minor/major axis) and increased
VCAM-1 expression in the aneurysmal sac(Kaneko et al., 2018). While such advancements
in flow chambers better mimic flow conditions occurring /n-vivo, flow patterns and WSS
within complex models cannot be easily calculated as in PPFCs, instead of computational
fluid dynamic (CFD) simulations must be utilized to understand the flow within these
chambers: It is worth noting that such flow chambers, while novel designs can better
represent the geometry of aneurysms, they are often constructed with rigid materials, or
materials that may not accurately represent the material properties of aneurysmal tissue
and their ability to expand or contract under varied flow conditions. Flow chambers also
typically only allow the study of a monolayer of cells, limiting the ability to study how
flow conditions trigger EC changes and the subsequent changes to vSMC within the same
environment, thereby requiring higher degrees of system complexity to study the EC/vSMC
interaction (van Engeland et al., 2018).

In-silico Systems: Computational Fluid Dynamic Simulation and Analysis

With advancements in computational power and modeling software, CFD /n-sificotools
have been shown to generate simulated flow within vessels that have non-significant
differences to data measured in their /n-vivo counterparts (Castro, Olivares, Putman, &
Cebral, 2014; M. O. Khan, Steinman, & Valen-Sendstad, 2017). This has allowed the
adaption of studying /n-sifico flow within complex “subject-specific” vasculatures (J. Cebral
etal., 2017; Seo et al., 2018) to determine flow characteristics indicative of aneurysms
(Arzani & Shadden, 2015; Boyd et al., 2016; Geers et al., 2017). Such work has shown
disturbed flow as correlated with aneurysm growth and rupture (J. Cebral et al., 2017;
Muhammad Owais Khan, Chnafa, Steinman, Mendez, & Nicoud, 2016; Varble, Xiang,

Lin, Levy, & Meng, 2016), while histological data from patients undergoing intracranial
aneurysm surgery have helped corroborate this connection to disturbances in simulated
vascular flow to areas of cellular changes and aneurysm rupture (J. Cebral et al., 2017;
Cebral et al., 2016). Theoretically, CFD models have strengths over current /in-vivo
measured flow, as clinically measured phase-contrast MRI has limited spatiotemporal
resolution (1.0-3.5mm) and assumes flow uniformity within MRI resolution cells, reducing
its accuracy in assessing flow in and around aneurysms (ltatani et al., 2017). In contrast,
CFD models achieve markedly better resolutions versus MRI, allowing an enhanced
depiction of hemodynamics in and around aneurysms.
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While CFD-derived flow data improved the understanding of disturbed flow in relation

to aneurysmes, it uses assumptions concerning real cardiovascular flow: modeling blood as
non-Newtonian and rigid vessel walls. Simulated wall rigidity simplifies CFD calculations
and reduces simulation time yet causes known increases in simulated WSS (Yamaguchi

et al., 2019), whereas vessels are compliant in relation to blood pressure and vessel
physiology. While blood can be modeled as a Non-Newtonian fluid, adopting an appropriate
blood model would alter flow velocity profiles within micro or stenotic vessels (Sriram,
Intaglietta, & Tartakovsky, 2014). To ensure CFD assumptions do not lead to an improper
assessment of disturbed flow, simulation results should be routinely cross-validated against
phase-contrast MRI measurement, though neither can currently be treated as a gold standard
under aneurysmal flow conditions. Additionally, studies often ensure /n silico and in vitro
flow systems agree with each other, in order to validate experimental outcomes. Simulated
flow has shown to highly mimic the flow within /n vitro systems (Hynes et al., 2020; Jain,
Jiang, Strother, & Mardal, 2016; Y. X. Wang et al., 2016).

Longitudinal assessment of disturbed flow’s impact on vascular tissue /n-vivo is fraught with
difficulty: human histological samples are typically available only during aneurysm repair
or post-rupture (Tavares Monteiro et al., 2014; Taylor et al., 2015; Welleweerd et al., 2015)
making prolonged analysis of a subject unfeasible. Additionally, the majority of aneurysms
remain asymptomatic, reducing the number of patients applicable for study (Thompson et
al., 2015). To rectify this, techniques have been developed to create disturbed flow and
aneurysms in animal models. One such method is the casting of a tapered conical device
around a vessel, or the partial ligation of a vessel, allowing the study of cellular changes
within varied flow conditions in a single animal (Dimitry A. Chistiakov et al., 2017; S.
Cooper et al., 2017; Sheinberg et al., 2019). Conical devices cause continued narrowing

of the vessel lumen, increasing WSS as the lumen narrows, and a region of swirling flow
posterior to the cast (Bowden et al., 2016; Pfenniger et al., 2015). Ligation causes a sudden
restriction of vessel diameter, generating an area of chronic hypertension, disturbed flow
post ligation, and oscillating stressors prior due to a degree of flow reversal. Ligated or
casted vessels are shown to have 1.07+0.31 increased loss of rabbit internal elastic lamina
(Tutino et al., 2016), thinner media, and 1.5 fold increase NF- xp (Go et al., 2014) versus
normal arteries (Liaw, Fox, Siddiqui, Meng, & Kolega, 2014).

Aneurysm histological analyses show degraded ECM elastin, collagen, and fibronectin
(Brangsch et al., 2019; Nosoudi et al., 2015; Platt & Shockey, 2016), so a second /n-vivo
method to create aneurysms was developed via chemically inducing such degradation.
Elastase, a serine protease enzyme that cleaves elastin peptide bonds (Busch et al., 2016;
Savastano et al., 2018) injected into a ligated vessel lumen and incubated for 20-30 minutes,
degrades elastin, and inhibits CaZ* inflow for vSMC contraction. Elastase-weakened vessels
exposed to disturbed flow can result in aneurysmal growth (Brinjikji, Ding, Kallmes, &
Kadirvel, 2016; Busch et al., 2016; Rowinska et al., 2014): 80% increased abdominal aorta
diameter versus control (Shi Wang et al., 2018). It is worth nothing, arterial degradation
stabilizes post-treatment, making elastase the primary culprit behind continual aneurysm
growth unlikely, instead continued expansion being driven by disturbed flow (Bi et al.,
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2015). CaCl;, has also been used to trigger aneurysm development via the application

of a calcium-chloride-soaked gauze to the arterial tunica adventitia. Absorbed calcium
converts to calcium phosphate and precipitates into hydroxyapatite crystals in elastin
(Androutsopoulou et al., 2018; John W Thompson et al., 2019). Calcium—elastin complexes
decrease vessel elastin by 50% (Michineau et al., 2014), weakening vessel strength (Cao

et al., 2017), and thinning the wall by 24% (Androutsopoulou et al., 2018). Chemically
induced aneurysms show similar calcification, inflammation, OS, degraded elastin, vSMC
apoptosis (Patelis et al., 2017; Sénémaud et al., 2017), and have geometric and resultant
flow characteristics akin to natural 1As(Shunli Wang et al., 2018) making them ideal for
testing novel treatments (Ley et al., 2017; Setozaki et al., 2017) and studying aneurysmal
flow. To note, chemical degradation causes relatively uniform vessel alterations, yet changes
in natural aneurysms are typically non-uniform (Samaniego, Roa, & Hasan, 2019) (as
mentioned previously).

The third method for aneurysm creation is rodent genetic knockout models. Tissue
inhibitor metalloproteinase (TIMP) hinders MMPs, increases lipid accumulation and ECM
breakdown, and weakens the artery. TIMP™~ rodents having a 2.5-fold increase of
atherosclerotic lesions and 33% decreased vessel thickness (X. Zhang, Ares, Taussky,
Ducruet, & Grandhi, 2019), and develop larger aneurysms post-elastase incubation

versus TIMP*/* (Maguire, Pearce, Xiao, 00, & Xiao, 2019b). Atherosclerosis-prone
apolipoprotein E-deficient (apoE~'~) mice exploit the link between the aneurysm and high
lipid concentration (Y. Wang et al., 2017), adventitia thickening, and vascular injury(Lo
Sasso et al., 2016). ApoE ™~ mice exposed to angiotensin 11, a primary effector hormone for
vasoconstriction, result in inflammation, EC dysfunction (Lo Sasso et al., 2016), and have
increased aneurysm development: 77%(Ho et al., 2016) and 79% (Umebayashi et al., 2018)
apoE~~ mice developing aneurysms compared with none in apoE*/* mice. Aneurysms in
apoE~~ mice have features akin to human AAA aneurysms: altered permeability, increased
inflammation, and weakened mechanical properties (Sénémaud et al., 2017). eNOS™~
rodent models exploit arteries” NO reliance to maintain the integrity by altering NO
generating enzymes (Liaw, Dolan Fox, Siddiqui, Meng, & Kolega, 2014; John W. Thompson
etal., 2019). eNOS™~ mice fed a high-fat diet (Pulathan, 2018) or exposed to angiotensin

I (Phillips et al., 2018) have increased AAA development. Alternatively, INOS™~ mice
infused with angiotensin Il showed minimal EC dysfunction or aneurysm depressed 1A
growth(Kossmann et al., 2014; Y. Wang et al., 2015).

Methods used to study disturbed flow patterns and resultant vascular cell changes can be
seen in Figure 4.

IV:  Applying Knowledge of Disturbed Flow Towards Clinical Outcomes

Surgical Interventions to Reduce Aneurysm Rupture

Surgical protection from rupture involves isolating the aneurysm from flow, yet methods
vary depending on aneurysm type: saccular or fusiform. For saccular aneurysms, one option
involves opening a section of the skull and implanting a metallic clip across an aneurysm’s
ostium to seal it from the blood flow. Less invasive endovascular implantation of stents

(a flexible low porosity membrane) diverts flow away from the aneurysm (Caroff et al.,
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2016), promotes stable aneurysm thrombi (Sarrami-Foroushani et al., 2019), and eventually
helps regenerate an EC layer to seal the aneurysm. Endovascular insertion of platinum

or titanium coils into the aneurysm sac limit also aims to limit aneurysmal flow, causing

a 13-60% reduction in intra-aneurysmal velocity, varying by aneurysm location and coil
length/stiffness (Fujimura et al., 2018). In broad-necked saccular aneurysms, neck >4mm or
dome/neck ratio <1.5 (Piotin & Blanc, 2014), coils are often paired with stents to prevent
coil dislocation (Nikoubashman, Pjontek, Brockmann, Tolba, & Wiesmann, 2015; Wu et
al., 2019). Fusiform aneurysm treatments typically fall under two categories: open repair or
endovascular repair. In open repair, a highly invasive incision is made in the body and the
aneurysm surgically opened. A polytetrafluoroethylene or polyethylene terephthalate graft
is then sewn into the vessel, isolating the weakened aneurysmal wall from the blood flow.
Endovascular repair techniques insert a stent-graft into the femoral artery, which is guided to
the area of the aneurysm, and opened and fastened in place to protect the aneurysm from the
flow. While less invasive than open repair, endovascular repair may need additional surgery
if the stent-graft placement requires future adjustment.

While stents limit aneurysm rupture risks, their design and implantation can cause
unintended disruptions to flow within a treaded vessel (Ng et al., 2017; J. Wang et al.,
2018). /n-silico analysis of stents shows strut orientation can generate areas of low and
oscillating WSS (Wei, Leo, Chen, & Li, 2019). CFD studies also show stent-strut geometry
impacts the characteristics of generated disturbed flow, with rounded versus rectangular
struts reducing the size of flow disturbances by a factor of two (Jiménez et al., 2014). With
an ever-increasing amount of commercially available stents, understanding stent geometry,
resultant hemodynamic patterns, and their impact on thrombi formation (Ngoepe, Frangi,
Byrne, & Ventikos, 2018) is needed to help guide treatment options as to maximize patient
outcomes (Paliwal et al., 2016; Wei et al., 2019).

Understanding the risks of disturbed flow has also guided the development of modified
surgical techniques for arterial bypass, which diverts blood flow around diseased arteries

to improve circulation (X. Liu, Sun, Fan, & Deng, 2014). A potential complication of an
arterial bypass is Intimal Hyperplasia (thickening) occurring at grafting sites (Meirson et al.,
2015; Stella, Vergara, Giovannacci, Quarteroni, & Prouse, 2019). CFD studies determined
bypass grafts can generate areas of recirculating flow, triggering resultant Hyperplasia. Such
work stresses the necessity of determining an optimal graft angle to limit unintended flow
disturbances. As ideal graft angles are impacted by patient blood flow waveforms and
arterial geometry, the application of /n-silicotools to test potential graft placement/angles
prior to surgical intervention could help to maximize clinical outcomes (Aliseda et al., 2017;
Khruasingkeaw, Khunatorn, Rerkasem, & Srisuwan, 2016; Leong, Nackman, & Wei, 2018).

Pharmaceutical Intervention on Aneurysms

While surgical aneurysm treatments exist, pharmacological inhibition of cellular changes
indicative of aneurysms is another avenue investigated for the clinical management of this
pathology. Drugs to reduce cholesterol levels and alter lipid metabolism have been utilized
to with reducing AAA rupture and lowering mortality post-AAA repair (Kokje, Hamming,
& Lindeman, 2015; Salata et al., 2018), though conflicting outcomes have been seen in
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the use of such drugs to limit 1A rupture (Can et al., 2018; Yoshimura et al., 2014).
Pharmacological suppression of vascular inflammation in 1As and AAAs is targeted through
a number of means: non-steroidal anti-inflammatory drugs (NSAIDs) (Y. F. Liu, Bai, &

Qi, 2016; Ma et al., 2018; Nassiri et al., 2016), IL-1 inhibitors, and inhibiting mast cell
degranulation (Aoki, 2015; Furukawa et al., 2020). Pharmaceutical control of NF-xB has
been investigated to limit macrophage-induced vascular degradation: ~1.75-fold decrease

in vessel diameter versus untreated vessels post elastase exposure (Fisher & Demel, 2019;
Ren et al., 2016; Zhong et al., 2019). Other avenues include MMP inhibition (Maguire,
Pearce, Xiao, Oo, & Xiao, 2019a), and antioxidants to reduce ROS/OS-induced cellular
senescence and apoptosis (Lu et al., 2016; Yu et al., 2016; Yue, Chang, Xiao, Qi, &

He, 2018). Yet inconsistent preclinical successes in the pharmacological suppression of
aneurysm development/expansion suggest an improved understanding of cellular pathways
and/or larger clinical trials are needed to improve such treatment options becoming a clinical
staple (Lindeman & Matsumura, 2019).

Prediction of Aneurysm Development or Rupture

Aneurysm surgical complications can result in patient morbidity or mortality (Lim et al.,
2015) and occur at higher rates than per-year rupture rates: 4—7% patient complication

rate (W. Brinjikji et al., 2016; Kallmes et al., 2015) versus yearly rupture rate 0.76%
(Murayama et al., 2016)-3.6% (Hishikawa et al., 2015) varied by patient age. It would
benefit clinicians to discern aneurysms at high rupture risk from those unlikely to rupture

to limit potentially risky and unnecessary treatments. Significant research has focused on
identifying aneurysmal geometric and WSS characteristics indicative of aneurysm pathology
(Detmer et al., 2018; H. Jiang et al., 2014; P. Jiang et al., 2018; Muluk, Muluk, Shum, &
Finol, 2017; Qin et al., 2017; G.-x. Wang et al., 2019). Yet studies vary in characteristics
used as well as resultant model strengths (Bijlenga et al., 2017; Qin et al., 2017; Valen-
Sendstad & Steinman, 2014; Zhou, Zhu, Su, & Li, 2017). Also, WSS only identifies near-
wall flow characteristics, overlooking bulk flow patterns in the aneurysmal sac. Disturbed
flow analysis aims to improve both predictions of areas likely to develop aneurysms and
rupture risk assessment by understanding the hemodynamic environment indicative of this
pathology (Byrne, Mut, & Cebral, 2014; Fukazawa et al., 2015; Long et al., 2015; Kevin
Sunderland & Jiang, 2019; K Sunderland et al., 2020; Varble, Trylesinski, Xiang, Snyder, &
Meng, 2017).

Aneurysm Treatment through Regenerative Medicine

Confounding the cellular alterations induced by vortical flow via regenerative medicine

has become an area of significant interest to combat aneurysms. Mesenchymal stem cells
(MSCs) can be differentiated into a few cell types such as osteoblasts, adipocytes and
chondrocytes as well as possessing anti-inflammatory and immunomudulatory properties
(Yamawaki-Ogata, Hashizume, Fu, Usui, & Narita, 2014). The injection of rat MSCs into
the vasculature of rats with an aneurysm and/or SAH signinficantly reduced apoptotic

cells, lowered TUNNEL stained cells, and decreased inflammatory response (Ghonim

et al., 2016). While the injection of MSCs into the aneurysmal wall holds promise for
improving aneurysmal tissue, such direct injection methods come with an increased risk of
damaging an already weakened vascular wall. As an alternative method, deverling cells with
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a perivascular scaffolds suppressed development and progression of AAA in rats (Parvizi,
Petersen, van Spreuwel-Goossens, Kluijtmans, & Harmsen, 2018). While regenerative
medicine-based approaches can potentially treat aneurysm, further studies are required to
better understand how MSCs influence aneurysm pathology. Treatment of AAA using male
or female rat derived MSCs have shown different effects: Mean elastase-induced aortic
dilation of 121+5.2%, while male MSCs inhibited AAA growth to 87.8+6.9%, p=0.008)
and female MSCs AAA growth to 75.2+8.3% p=0.0004) (Davis et al., 2015). Whereas
proinflammatory TNF-a, interleukin 13, and MCP-1 were decreased in elastase-exposed
tissues treated with female MSCs. Comprehensive understanding of both the causes of
aneurysm development and rupture, alongside the regenerative capabilities of human MSCs,
could provide a beneficial therapeutic option for patients.

V: Future Perspectives and Concluding Remarks

While the investigations of disturbed flow’s impact on cellular changes indicative of
aneurysms have improved the understanding of this complex pathology, much of these
findings come from the analysis of relatively simplistic and temporally stable disturbed
flow. Disturbed hemodynamic flow within the arterial system may vary significantly in
terms of its spatial-temporal characteristics, especially in the aneurysmal sac. Currently,
less is known to what extent varying disturbed flow characteristics, such as their

stability over the cardiac cycle, may trigger differing levels of cellular changes, or if
certain characteristics of disturbed flow are greater predictors of aneurysmal rupture.
Advancements in CFD analytics toward quantifying disturbed flow characteristics, coupled
alongside flow chambers designed to generate complex flow patterns could help overcome
current informational gaps. Yet the complexity of flow within the aneurysmal sac may
make identifying relevant characteristics difficult. Machine learning algorithms for pattern
recognition and image analysis have already begun to be implemented in the identification
of disturbed flow patterns within the vascular (Deng et al., 2018) and to reconstruct complex
flow patterns from low-resolution data (Fukami, Fukagata, & Taira, 2019). Expansion

of such techniques may help determine disturbed flow characteristics using their spatial
flow information as opposed to condensing characteristics into a single numerical value
like WSS-based indices. Further study on identifying flow characteristics that exacerbate/
mitigate vascular changes could improve the understanding of aneurysm pathology and aid
in developing novel treatment methodologies.

In much of the vasculature, laminar flow helps regulate cellular processes needed to
maintain vessel health. The EC monolayer at the intercept of the vessel wall and fluid

flow maintains control over vascular permeability, inflammatory processes, and the vessel’s
response to changing hemodynamic conditions. Disturbances to laminar flow occur naturally
within vessel bifurcations and areas of increased tortuosity, from pathophysiological

vessel stenosis, and can result from surgical bypass grafting and stent deployment. Flow
disturbances alter EC functionality, causing decreased regulation of vascular permeability,
increased vascular inflammation, and higher EC death/turnover. Breakdown of EC
functionality leads to alterations in the underlying media layer: degradation of vSMC and
ECM reducing vascular expansion or contraction modulation and weakening the vascular
wall. In this review, we have summarized the current understanding of disturbed flow as a
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trigger to altered vascular cells indicative of aneurysms (a summary can be seen in Table 1),
the in-vitro, in-vivo, and in-silico research methodologies for studying disturbed flow, and
the benefits such research has had on aneurysm treatment options.

Studying disturbed flow’s role in arterial cell changes has led to an improved understanding
of the pathological initiation, growth, and rupture of aneurysms. Uncovering the underlying
changes to cellular morphology, inflammation, protein expression, and cellular apoptosis
triggered by disturbed hemodynamic flow has helped improve the clinical management of
aneurysms. Yet continued studies using novel research methodologies aim to improve the
understanding of how complex disturbed flow impacts aneurysms. Further understanding
of the spatial-temporal characteristics of disturbed flow and the specific changes they elicit
within arteries could help drive the development of novel treatment options, improve the
assessment of which aneurysms are at high rupture risk, and improve clinical outcomes for
this deadly vascular pathology.
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Figure 1:

Avreas of high curvature and bifurcations in the aortic and cerebral vasculature are common
locales of aneurysm growth (black hollow boxes). Areas represent aneurysm locations at
the thoracic and abdominal portion of the aortic vasculature as well as the internal carotid,
middle cerebral, and basilar arteries of the cerebral vasculature.
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Figure 2:
Endothelial cell mechanoreceptors and their impact on select cellular signal pathways. Flow

stressors impact ion channels (K*, Ca*, Na*, CI~), G-proteins, caveolae, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, lipid bilayer, and glycocalyx. Signals
are also transmitted from the cytoskeleton to activated integrins, platelet endothelial

cell adhesion molecule-1 (PECAM-1), VE-cadherin and VEGFR2. Activated integrins
phosphorylate non-receptor tyrosine kinases FAK and Shc which trigger Ras family GTPase.
Ras triggers mitogen-activated protein kinases (MAPKSs). MAPKSs activation is also signaled
from reactive oxygen species (ROS) production from NADPH oxidase and is modulated

by K* CI~ from ion channels. Cell-cell PECAM-1, VE-Cadherin, VEGRF2 complex and
glycocalyx regulate eNOS and NO expression. NO and MAPK pathways phosphorize
transcription factors such as nuclear factor-kappa p (NF-xB) and JNK. NF-xB is needed for
metalloproteinase secretion (MMP-1,2,9) which increases cellular inflammation (VCAM-1
and ICAM-1 expression) and matrix degeneration. Increased cellular inflammation activates
JNK expression, triggering cellular apoptosis.
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Figure 3:
Diagram of healthy aortic artery to aneurysm pathology: inflammation, calcification,

proteolysis, and apoptosis. Molecular triggers for vascular degeneration leading to
aneurysms include lymphocyte adhesion, calcification, thombois, macrophage induction,
and oxidative stress. These changes induce degradation of the endothelium, inflammation,
proteolysis, thinning of the vascular media, breakdown of collagen and elastin, and
cellular apoptosis. These changes are exacerbated by disturbed hemodynamic flow within
aneurysms.
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Figure 4:
Overview of methodologies for studying disturbed flow in the vasculature/aneurysms.

In-vitro models such as step-down flow chambers (step-down, inlet, disturbed flow,

flow re-attachment: green, red, blue, and yellow arrows respectively), orbital shaker, and
3D printed vascular models (medical imaging data, computational model, 3D printed)
allow the study of cultured cells under controlled flow. /n-vivotechniques such as

arterial ligation, chemically induced aneurysms (elastase injection or CaCl? exposure),

and genetic knockout animals (lipoprotein image from https://www.britannica.com/science/
lipoprotein#/media/1/342894/92254). In-silico simulated flow is often used alongside other
methodologies to analyze flow characteristics within 3D /n-vitro models or in-vivo
developed aneurysms (white arrow).
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Table 1:

Summary of Disturbed Flow’s Impact on Changes to Vascular Cells
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Functionality Resultant Change dueto Model: Stimulus, Cell/Tissue Reference
Disturbed Flow
Cellular
component
ECpermeability
VEGF Increased: VEGF increase in 18% In-vitro: Cyclic stretch of flexible cell plate (Gawlak et al., 2016)
cyclic stress vs 5%(24 hrs) (18%-5% elongation, 25 cycles/min), HPAEC
Increased: 3.3relative expression vs In-vivo: CaCl, induction, rat aorta (X. Lietal., 2017)
control
VE-cadherin Decreased / Disconnection between In-vivo: Arterial Ligation (D. A. Chistiakov et al.,

Atherosclerosis
PECAM-1

Transduction
B1-Integrin

Integrin a5

Glycocalyx

Inflammatory
Response

ICAM-1

VCAM-1

Regulation of ECM
MMP2

MMP-9

ROS/0OS
NOX

Cells

Decreased: 3.5 relative expression
versus 10dyn/cm? laminar flow

Decreased: 4.0 relative expression
versus 20 dyn/cm? laminar flow

Decreased: 2.0 relative expression vs
laminar flow

Increased: 2-fold vs laminar flow
12+4dyn/cm?

Decreased: 44.4+10.3% mean
fluorescent intensity, 13.8+8.4%
thickness vs 12dyn/cm? laminar flow

Decreased: Statistically significant
vs inlet: Heparin Sulfate

Increased: 3.0 Relative expression vs
non-ligated

Increased: Statistically significant vs
15dyn/cm? laminar flow

Increased: 1.5 relative expression vs
12dyn/cm? laminar flow

Increased: 2.0 increase MFI vs non-
ligated

Increased: 2.5-3 relative expression
increase vs 12dyn/cm?

Increased: 1.25-fold increase vs
17dyn/cm? laminar flow

Increased

Increased: 1.50 relative expression vs
non-ligated artery

In-vitro: PPFC 1.8 dyn/cm? pulsatile Flow, 4
hrs., HMEC

In-vitro: Orbital Shaker +5 dyn/cm? for 24 hrs,
HUVEC

In-vitro: Magnetic Tweezers 1 Hz bidirectional
force (16 pN), 3 min, HUVEC
&

In-vitro: 1 Hz bidirectional flow, 15 dyn/cm?,
HUVEC

In-vitro: PPFC 0.5+4dyn/cm2, HUVEC

In-vitro: PPFC with protuberance with
recirculation zone 0-8 dynes/cm? for 6 hrs,
RFPEC

&

Artery Ligation, C57BI/6 mice

In-vitro: Curved flow chamber with WSS 10
dyn/cm?, HAAEC

In-vivo:. Arterial Ligation C57BL/6J Mice
In-vitro: Cone-plate viscometer at £5 dyn/cm2
at 1 Hz, HUVEC

In-vitro: PPFC +0.5dyn/cm2 superimposed with
1 dyn/cm2 for 3 hrs, HAEC

In-vivo. Arterial Ligation, 48 hrs.

In-vitro: PPFC 2hr 2dyn/cm2, 4hr stimulation by
TNF-a, HAEC

In-vitro: PPFC with occlusion, 2hrs at 5dyn/cm?
disturbed flow

In-vitro: Curved flow chamber

In-vivo: Carotid artery ligation, C57BL/6J mice
(7 days)
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2017)
(Caolo et al., 2018)

(D. A. Chistiakov et al.,
2017)

(Xanthis et al., 2019)

(Sun et al., 2016)

(Harding et al., 2018)

(Scott Cooper et al.,
2018)

(Y. Seo et al., 2019)

(Go et al., 2014a)

(J. Chen et al., 2015)

(J. Chen et al., 2015)

(Bailey et al., 2019)

(Balaguru et al., 2016)

(Scott Cooper et al.,
2018)

(Yuan et al., 2018)
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Functionality

Céllular
component

Resultant Change dueto
Disturbed Flow

Model: Stimulus, Cell/Tissue

Reference

IL-1B

IL-8

eNOS

Apoptosis
Caspase 12

Caspase 3

Transcription
Factors

NF-xp

Nrf2

JINK

Increased: 10 relative expression
increase vs laminar (4hrs)

Increased: 1.5 relative expression
increase vs laminar control

Decreased: 2.0 relative expression vs
laminar flow

Decreased: 10 relative expression vs
static culture

Increase: 3.0 relative expression vs
control, 4 hr. flow.

Increase:Vs 20dyne/cm? laminar
flow

Increase: 4.0 relative expression vs
13dyn/cm? periphery flow

Increased: 1.5relative expression vs
low WSS laminar flow

Increased: 1.5 relative expression vs
laminar flow

Decreased: 5 relative expression vs
12+4dyn/cm?

Increased: 4 relative expression vs
uniform shear

In-vitro: Cone-plate viscometer, HAEC exposed
for0.5,1,2,3,4hrs

In-vitro: Orbital shaker +4dyn/cm? at 0.5Hz,
2hrs, HUVEC

In-vitro: Step-down PPF 0-8 dyn/cm? disturbed
flow, 6 hrs, RFPEC

In-vitro: Cone-plate viscometer, 1Hz 0.5dyn/
cm?, 24hrs, HUVEC

In-vitro: Cone-plate viscometer, HAEC exposed
for0.5,1, 2, 3,4 hrs

In-vitro: Cone-plate viscometer, 48 hrs.

In-vivo: Orbital shaker 4.8 dyn/cm? For 72 hrs,
HUVEC

In-vivo. Arterial Cuff, 7 days-post Cuffing,
ApoE~~ mice

In-vitro: Cone-plate viscometer 5 dyn/cm? at
1Hz, HUVEC

In-vitro: Orbital Shaker 0.5x4dyn/cm? for 24
hrs, HUVEC

In-vivo: Arterial ligation, ApoE~'~ mice

(Pan et al., 2017)

(Green et al., 2018)

(Harding et al., 2018)

(Bibli et al., 2020)

(Pan etal., 2017)

(Heo et al., 2015)

(Serbanovic-Canic et al.,

2017)

(Baeriswyl et al., 2019)

(Go et al., 2014a)

(Martin et al., 2014)

(L. Wang et al., 2016)
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