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Abstract

Cardiovascular pathologies such as intracranial aneurysms (IAs) and atherosclerosis preferentially

localize to bifurcations and curvatures where hemodynamics are complex. While extensive

knowledge about low wall shear stress (WSS) has been generated in the past, due to its strong

relevance to atherogenesis, high WSS (typically >3 Pa) has emerged as a key regulator of vascular

biology and pathology as well, receiving renewed interests. As reviewed here, chronic high WSS

not only stimulates adaptive outward remodeling, but also contributes to saccular IA formation (at

bifurcation apices or outer curves) and atherosclerotic plaque destabilization (in stenosed vessels).

Recent advances in understanding IA pathogenesis have shed new light on the role of high WSS in

pathological vascular remodeling. In complex geometries, high WSS can couple with significant

spatial WSS gradient (WSSG). A combination of high WSS and positive WSSG has been shown

to trigger aneurysm initiation. Since endothelial cells (ECs) are sensors of WSS, we have begun to

elucidate EC responses to high WSS alone and in combination with WSSG. Understanding such

responses will provide insight into not only aneurysm formation, but also plaque destabilization

and other vascular pathologies and potentially lead to improved strategies for disease management

and novel targets for pharmacological intervention.
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INTRODUCTION

The ability of a blood vessel to respond to hemodynamic stimuli is mainly mediated by

endothelial cells (ECs), which form the inner lining of blood vessel walls. The ECs, in direct

contact with blood flow, are known sensors of the wall shear stress (WSS),17, 18 the

frictional drag exerted by blood flow acting on and parallel to the luminal surface of the

endothelium. Through responses mediated by ECs, WSS regulates vessel caliber and

structure,51, 60, 62 remodeling,29, 129 and influences the development of vascular

pathologies.71, 128

Over four decades have been dedicated to understanding the endothelium’s response to

WSS, with a large focus on EC exposure to low shear stresses typically found in arterial

sinuses where atherosclerotic lesions tend to develop. Such low WSS hemodynamic

environments—typically associated with “disturbed flow” and characterized by flow

recirculation and high oscillating shear index14, 33, 128—promote an atherogenic phenotype.

On the other hand, baseline WSS (1.5–2.5 Pa) of straight arterial segments induces

endothelial quiescence and an atheroprotective gene expression profile.71

Although extensive knowledge exists about EC responses in low WSS environments, until

recently, little attention has been devoted to understanding EC responses to high WSS (>3

Pa). High WSS has been implicated in expansive or outward remodeling of vessels in

response to a sustained increase in flow, such as in collateral arteries secondary to arterial

blockage 98, 118 or in arteries feeding an arteriovenous fistula (AVF).100, 103 Increased WSS

also occurs at the entrance of a stenosed vessel95, 96 and may contribute to atherosclerotic

plaque destabilization and rupture.102, 125 Furthermore, the apices of bifurcations and the

outer sides of curved vessels are chronically exposed to higher WSS than elsewhere2, 69—in

the cerebral vasculature, such high WSS locations are predisposed to the formation of

saccular intracranial aneurysms (IAs).39, 40, 85, 122

In complex geometries, high WSS is often accompanied by significant spatial WSS gradient

(WSSG), the spatial derivative of WSS along the flow direction with respect to the

streamwise distance. Following flow impingement at a bifurcation apex, flow that splits into

the daughter branches experiences rapid acceleration and then deceleration, creating regions

of positive and negative spatial WSSG, respectively.76, 79 It has been found in vivo that

cerebral aneurysms initiate in the acceleration zone characterized by both high WSS and

positive WSSG.74, 76, 79, 123 Furthermore, computational fluid dynamic (CFD) analyses

indicate that in addition to high WSS, WSSG is also significant at the throats of

stenoses.95, 96 Insight into how high WSS alone or coupled with WSSG affects EC function

and subsequent vessel remodeling is important for understanding both normal vascular

function and various pathological developments mediated by hemodynamics.

In this review we highlight the importance of high WSS and spatial WSSG in physiological

and pathological vascular remodeling. Specifically, we focus our attention on their role in

adaptive outward remodeling, IA formation, and plaque destabilization. The latter two are

leading causes of morbidity and mortality in the Western World. Furthermore, we

emphasize how EC responses to either high WSS alone or coupled with WSSG may mediate

these pathological remodeling processes.

WSS IN THE ARTERIAL SYSTEM

WSS is the frictional drag exerted by blood flow acting on and parallel to the luminal

surface of the endothelium. The magnitude of WSS in straight vessels, as estimated by

Poiseuille’s law, is directly proportional to the viscosity of blood and inversely proportional
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to the third power of the inner radius of the vessel.71 WSS is expressed in units of force per

unit area [N/m2 or Pascal (Pa) or dyn/cm2, where 1 N/m2 = 1 Pa = 10 dyn/cm2].

Experimental measurements using different modalities have shown that over one cardiac

cycle, instantaneous WSS magnitude typically ranges from 0.1 to 0.6 Pa in the venous

system and from 1 to 7 Pa in straight vessels of the arterial system.71 Since the physiological

range of time-averaged WSS in straight arteries is usually between 1.5 and 2.5 Pa51, 71 (Fig.

1a), we refer to this range as “baseline WSS.” On the other hand, flow in the sinus of a

bifurcation (for example the carotid artery; Fig. 1a) or inner curves of blood vessels tends to

be recirculating and is often referred to as “disturbed flow.” Compared to the laminar flow

in straight arterial segments, it is slow and changes direction within the cardiac cycle. This

produces relatively “low WSS” that is also oscillatory. Time-averaged WSS values are on

the order of ±0.4 Pa in such areas.49, 128

A very different and less investigated flow regime can occur when flow impinges at a flow

divider or the outer curve of an arterial bend to create fast, accelerating flow. This creates

WSS that is higher than the baseline values mentioned above. In this review, we refer to any

WSS>3 Pa as “high WSS.” Near the apices of cerebral bifurcations (for example the basilar

terminus; Fig. 1b), where IAs preferentially form, timed-averaged WSS can range from 11

to 34 Pa.2, 69 High WSS also occurs at the most stenotic site of an atherosclerotic plaque (for

example in the coronary artery; Fig. 1c) and has measured between 5 to over 30 Pa,

depending on the degree of stenosis.31, 63, 109, 112

Note that, the WSS ranges denoting “low,” “baseline” and “high” WSS are typical values

considered for humans but do not account for individual variations. Furthermore, other

species have their own baseline WSS “set-point” values for maintaining homeostasis, which

may follow an allometric scaling whereby baseline WSS scales opposite to the mass of the

species. 34, 124 For example, WSS in mouse aorta is almost an order of magnitude higher

than that of humans.124

ADAPTIVE OUTWARD REMODELING: ROLE OF HIGH WSS

The function of an artery to maintain a WSS baseline appears to ensure that the metabolic

needs of tissues are met while energy loss due to friction is minimized.83 Therefore, as an

adaptive response to chronically elevated high flow, an artery undergoes expansive or

outward remodeling to restore WSS back to baseline levels.52, 114, 115 Chronic flow increase

usually occurs (1) in collateral arteries because of a deficiency in blood supply through a

feeding artery, or (2) due to increased metabolic demand in a downstream tissue, thereby

signaling a need to increase the caliber of the patent artery. This chronic flow increase

results in a sustained elevation of WSS, thereby signaling outward remodeling of the vessel

experiencing high WSS. Examples include an enlarging common carotid artery (CCA) when

the contralateral CCA is occluded,87 an enlarging basilar artery when both CCAs are

occluded,42 and the feeding artery of an AVF created to increase flow in the

artery.15, 99, 111, 114 In flow-induced expansion, the remodeling process is characterized by

increased luminal diameter with relatively small changes in wall thickness,64, 114 temporary

and minute fragmentation of the internal elastic lamina (IEL)42, 73, 99, 114 and proliferation

of ECs and smooth muscle cells (SMCs).73, 98, 99

While such adaptive remodeling is normally physiological and produces healthy vessels at

increased diameters, under extreme WSS increases, arterial lengthening and development of

tortuosity could occur simultaneously as the lumen enlarges.42 Severe tortuosity can

predispose the artery to pathologies such as dolichoectasia, fusiform aneurysms, and

atherosclerosis.37, 42
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Endothelial Responses to Elevated WSS Mediate Adaptive Outward Remodeling

Endothelial cells mediate arterial outward remodeling stimulated by high WSS. De-

endothelialized segments of the CCAs in rats fail to enlarge their lumens under increased

flow.111 WSS elevation above baseline modulates adaptive outward remodeling; when WSS

returns to baseline, the vessel expansion stops, even though the flow rate remains

high.42, 53, 114

High-WSS-stimulated outward remodeling is mediated by the endothelial signaling

molecule nitric oxide, via the upregulation of endothelial nitric oxide synthase (eNOS).

Acute vessel dilation in response to momentary flow increase is mediated by nitric oxide

through smooth muscle relaxation. This does not account for the structural changes (i.e.,

remodeling) in flow-loaded vessels, whereby the vessel enlarges permanently, to a much

greater diameter.65, 115 However, outward remodeling subsequent to sustained flow increase

also uses the nitric oxide signaling pathway.15, 22, 36, 114–116 In studies where the second-

order branches were ligated to increase flow through the mesenteric arteries, eNOS protein

levels increased 2–4 days after the onset of high WSS.22, 116 Inhibition of eNOS using long-

term administration of L-NAME has partially blocked the enlargement of carotid arteries

experiencing increased flow in rabbits115 and rats.36 Furthermore, eNOS-knockout mice fail

to increase their diameter in response to high WSS even 21 days after AVF creation.15

High WSS Stimulates EC and SMC Proliferation During Adaptive Outward Remodeling

During high-WSS-induced outward remodeling, both ECs and SMCs proliferate in order to

maintain cell coverage over the expanding wall.73, 98, 99 AVF rabbits treated with the eNOS

inhibitor L-NAME showed reduced wall tissue growth115 thus suggesting that nitric oxide

stimulates proliferation. High WSS stimulates nitric oxide-mediated EC proliferation in

vitro.78 Such flow-induced nitric oxide production stimulates cell proliferation probably

through growth factors such as PDGF and FGF-2,66 which increased in cultured ECs

subjected to high WSS.43, 72 In flow-loaded carotid arteries FGF-2 mRNA levels in SMCs

increased post AVF creation.101 Thus, chronic high WSS induces outward vascular

remodeling through an increase in nitric oxide, which facilitates EC and SMC proliferation

via growth factors.

High WSS Stimulates Matrix-Degrading Proteins During Adaptive Outward Remodeling

EC-mediated outward remodeling in response to high WSS requires fragmentation of the

IEL.42, 99, 114 This response is facilitated by proteolytic enzymes that degrade extracellular

matrix components to increase arterial distensibility, so the vessel can

expand.15, 22, 87, 99, 114 In AVF rabbits114 and mice15 and rabbits experiencing increased

basilar artery flow,56 ECs and SMCs secrete matrix metalloproteinases (MMPs)-2 and -9 in

response to chronic high flow.15 Furthermore, rat53 and rabbit114 AVF models treated with

MMP inhibitors such as doxycycline, BB-94, and RS-113,456 show diminished flow-

mediated arterial enlargement and elastin degradation.114 These observations indicate a

critical role of MMPs in high-flow-induced outward remodeling. MMP activity persists until

WSS is normalized.53, 114

Several studies using AVF models have indicated a role for nitric oxide and its downstream

product peroxynitrite in regulating MMPs in flow-loaded vessels. Inhibition of nitric oxide

with L-NAME decreased peroxynitrate and MMP-2 activity in ECs and the media,114 and

restricted arterial enlargement upstream of an AVF.36, 115 In mice deficient of eNOS or the

p47phox subunit of NADPH oxidase (a superoxide generator) increased flow failed to

increase peroxynitrite, MMP activity, and arterial enlargement to the same degree as in wild-

type animals.15 These results indicate that both nitric oxide and superoxide, through the
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generation of peroxynitrite, may be needed to activate MMPs in response to persistently

increased flow.

In addition to ECs and SMCs, inflammatory cells may also mediate matrix degradation by

secreting MMPs during flow-induced outward remodeling. Nuki et al.87 ligated the left CCA

in rats and found macrophages in the adventitia of the right CCA, which experienced flow

increase. However, MMP activity was strong throughout the wall even in areas devoid of

macrophages. In addition, depletion of macrophages using liposome-encapsulated

clodronate reduced but did not completely block the flow-induced outward remodeling.87

These results suggest a partial role for macrophages in outward remodeling induced by high

flow.

High WSS Associates with Atherosclerotic Wall Remodeling

Atherosclerosis occurs when oxidized low-density lipoproteins, fats and other substances

build up in the wall of arteries, causing the intima to thicken and plaques to form.91 Plaque

rupture can cause ischemic stroke or heart attack when an artery is obstructed by thrombosis

at the rupture site or when plaque debris lodges in a downstream vessel.

While it is well known that atherogenesis occurs in disturbed flow regions with low

WSS,11, 28, 110 vessel walls with atherosclerotic plaque can experience high WSS and

undergo outward or expansive remodeling as originally observed in human coronary arteries

by Glagov et al.32 Although outward remodeling should be beneficial by preserving luminal

caliber to restore WSS to baseline levels, recent studies suggest that plaques in areas of

outward remodeling are responsible for acute coronary syndromes.97, 120 This is presumably

due to thin cap rupture caused by proteolytic enzymes that facilitate the outward expansion.

It is currently unclear what factors trigger the outward remodeling in the presence of

atherosclerosis. Prospective studies following plaque development in the coronary arteries

over 6 months have found that areas exposed to high WSS display outward

remodeling.93, 104 Areas of high WSS were also associated with regression of fibrous and

fibrofatty tissues in the plaque while developing a greater necrotic core indicating

progression towards a rupture-prone phenotype.93

It is interesting to note that outward remodeling has also been associated with regions of low

WSS.104 In a serial study using the coronary arteries of pigs, an excessive expansive

remodeling, in which the vessel and lumen are larger than non-involved areas, occurred in

regions persistently experiencing low WSS.57 This expansion is likely driven by degradation

of the IEL and ECM components as low WSS promotes inflammatory cell infiltration into

the wall.16

INTRACRANIAL ANEURYSM FORMATION: ROLE OF HIGH WSS AND

WSSG

Intracranial aneurysms are pathological outpouchings of the cerebral arterial wall,

characterized by loss of the IEL, media thinning with reduced number of SMCs, bulge

formation, disrupted endothelium and the presence of inflammatory cells.24, 54, 103 Although

some aneurysms remain stable throughout their natural history, those that continuously

experience excessive matrix degradation and mural cell death eventually rupture causing

hemorrhagic stroke.21 Saccular aneurysms, which account for approximately 90% of IAs,127

occur most frequently at bifurcations or outer curves of arteries in the Circle of Willis,

where flow impingement causes a high frictional WSS and significant flow acceleration and

then deceleration, creating positive and negative WSSG, respectively.76, 79 High WSS has

long been speculated to play a role in IA pathogenesis. However, recent evidence from IA
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animal studies indicates that it is the combination of high WSS and positive WSSG that

precipitates IA initiation75, 76, 79 as discussed below.

Clinical Evidence Implicates High WSS in IA Formation

Clinical and experimental observations suggest that the formation of IAs is related to high-

flow hemodynamic forces. The distribution of aneurysmal lesions to the apices of

bifurcations or outer curves in the Circle of Willis, where flow is complex and WSS is high,

has implicated a role for hemodynamic stress as an etiological factor for IAs. It has thus

been postulated that high WSS at the bifurcation contributes to IA formation.2, 58, 103, 122

Additionally, extreme flow increases in some patients have been associated with de novo IA

formation on the arterial pedicles that feed arteriovenous malformations11 or in areas of the

brain experiencing a compensatory flow increase as a result of carotid ligation.45

Furthermore, several incidental human IAs imaged pre- and post-aneurysm formation 58

indicate that these aneurysms initiated at locations that were originally subjected to

significantly higher WSS than the parent arteries. Collectively, these clinical observations

support that high WSS is a precondition for IA natural formation.

Hemodynamic Insult Triggers IA Development in Experimental Models

The critical role of high WSS in IA formation has been supported by studies in animal

models. In an early experiment, hypertension and connective tissue fragility were induced in

rats, but it was only after ligation of a CCA that an aneurysm started to develop in the

contralateral cerebral vasculature where blood flow was increased.38 This suggests that

despite other risk factors, flow increase is necessary for triggering IA development. It is

further noted that the aneurysm most consistently examined in this model forms at a cerebral

bifurcation, i.e., the junction of ophthalmic artery and anterior cerebral artery3–7, 9, 23, 26, 46

on the contralateral side of the CCA ligation. This indicates that both elevated flow and the

bifurcation hemodynamic environment are important in IA formation.

Meng and co-workers75, 76, 123 made the first direct examination of a causal relationship

between hemodynamic insult and aneurysm development in vivo. They induced aneurysmal

remodeling in a surgically created bifurcation in which one CCA supplied both carotid

territories via a de novo bifurcation consisting of naïve carotid wall75 and correlated the

remodeling with hemodynamic stresses measured in situ.75, 76 The carotid wall, which had

only been exposed to a baseline WSS before, started to experience high, impinging flow. To

adapt to the new hemodynamic conditions, the wall remodeled and developed destructive

changes that resembled early aneurysm development.75, 76 By having a “time-zero” point,

vascular change after the creation of the bifurcation could be uniquely attributable to the

altered hemodynamic conditions.

This group thereafter demonstrated that hemodynamic insult can induce aneurysm formation

at an existing cerebral arterial bifurcation, in the absence of other risk factors.27, 56, 74, 79

Using CCA ligation as the only manipulation, Gao et al.27 demonstrated nascent aneurysm

formation at the basilar terminus in rabbits following a compensatory increase in basilar

artery flow. This IA formation was dose-dependent on the basilar artery flow-rate increase,

further supporting the causal relationship between flow increase and IA formation.

High WSS Combined with Positive WSSG Initiate IAs

Recognizing that IAs preferentially localize to the apices of bifurcations but not all

bifurcations develop aneurysms, Meng et al.75 (from our lab) sought to elucidate the specific

hemodynamic conditions that predispose the apical wall to aneurysm formation. They

applied a novel hemodynamic-histology co-mapping technique in their created canine

carotid bifurcation by mapping hemodynamic stress distributions (from in vivo image-based
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CFD) onto histological slices (Fig. 2a). Using this approach, they showed that the new

impinging and bifurcating flow created three distinct periapical hemodynamic zones, which

elicited different vascular remodeling patterns on the previously uniform carotid arterial

wall76 (Fig. 2b).

Specifically, the wall next to the bifurcation apex underwent remodeling that resembled

initiation of an aneurysm, i.e., groove formation featuring disruption of the IEL, thinning of

the media with loss of SMCs and loss of fibronectin.75, 76 This destructive remodeling

coincided with flow acceleration; i.e., elevated WSS and positive WSSG (Region II).76

Meanwhile, the apex, which was exposed to impinging flow and thus low WSS (Region I),

exhibited intimal hyperplasia, cell proliferation and new matrix deposition. Downstream of

the acceleration region, flow decelerated toward baseline levels thereby creating negative

WSSG (Region III), and no destructive changes were observed.76 Expression of molecular

markers associated with matrix degradation and aneurysm formation (MMP-2 and -9,

peroxinitrite, IL-1β, and iNOS) increased in the acceleration zone relative to other

hemodynamic regions.123 These results suggest high WSS and positive WSSG provided

hemodynamic conditions for aneurysmal remodeling.

Although these results were quite illuminating, they were obtained in a created, extracranial

bifurcation. We subsequently proposed that true IA initiation is also triggered by high WSS

and positive WSSG when an existingintracranial bifurcation is challenged by flow

increase.79 To test this hypothesis, a rabbit basilar bifurcation IA model27, 56, 74, 79 was

developed by ligating both CCAs to create an immediate compensatory flow increase

through the basilar artery42, 74 without noticeable changes in systemic blood pressure

(unpublished data). Aneurysm initiating events, loss of the IEL (Fig. 3a), media thinning,

and aneurysmal bulge formation were observed as early as 2 and 5 days post flow

increase.56, 79

In order to correlate the earliest definitive aneurysmal damage with the responsible initial

hemodynamic insult, Meng et al. imaged the rabbit basilar bifurcation immediately

following CCA ligation using 3D angiography followed by CFD, and spatially mapped the

initial WSS and WSSG distributions with histology of the basilar bifurcation excised at 5

days79, 113 (Fig. 3b). IEL loss (Fig. 3a)—used as a marker of aneurysm initiation—

concentrated in the acceleration zone with high WSS and high positive WSSG (Fig. 3c).79

When each micro-segment along the basilar terminus wall was plotted on a WSS–WSSG

map (denoting the local hemodynamic environment) (Fig. 3d), the IEL-damaged micro-

segments dramatically segregated to high WSS and positive WSSG locations on the map

while undamaged segments were associated with WSS and negative WSSG. Employing

receiver operating characteristic (ROC) analysis a conservative threshold of WSS and

positive WSSG (122 Pa and +530 Pa/mm), above which aneurysmal vascular damage

ensues 100% of the time, was identified. 79 In addition, the degree of IA development varied

among rabbits but this variation was linearly correlated with the degree of above-threshold

hemodynamics that individual rabbits experienced at the basilar terminus.79 These results

suggest that a combination of high WSS and high positive WSSG above certain thresholds is

responsible for aneurysm initiation.

The IA-initiating hemodynamic threshold values (Fig. 3d) found at the basilar terminus in

the rabbit bilateral CCA ligation model79 should not be considered universal. These values

tend to be high since aneurysm formation in this model was induced purely by

hemodynamic insult. Existence of other risk factors of IA formation (e.g., hypertension,

vascular fragility) will likely lower the threshold.77 Additionally, the threshold values for IA

formation may differ by species and individuals. It is unclear whether an allometric scaling

law similar to those found for baseline WSS in the aorta34, 124 also exists for the IA
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initiating WSS threshold, and whether the threshold WSSG scales as well. If such allometric

scaling relationships do exist, then it might be possible to predict human WSS/WSSG values

above which aneurysms may form.

Cellular and Molecular Mechanisms Underlying Flow-Induced IA Initiation

Little is known about the specific molecular mechanisms orchestrated by hemodynamics to

cause IA formation. Current evidence points to impaired EC responses due to abnormal

hemodynamics as the trigger for the excessive wall degeneration (including IEL loss) and

cell loss, which are characteristic of aneurysmal remodeling. Light and scanning electron

microscopy reveal that before aneurysm formation is evident, EC damage or loss

occurs.41, 55 Dysfunctional changes in ECs have also been noted and include decreased

eNOS protein,47, 123 depletion of tight junction proteins (occludin and ZO-1), increased

vascular permeability, adhesion of leukocytes107 and increased expression of adhesion

molecules (VCAM-1 and ICAM-1) in the intima.106

EC dysfunction during aneurysm initiation has been attributed to the increased WSS

experienced by the apex of the bifurcation. Fukuda et al. demonstrated that treatment of rats

experiencing elevated hemodynamic stress with batroxobin, a blood viscosity reducing

agent, reduced EC damage during IA formation.26 Here, blood viscosity reduction was an

effective way to reduce WSS exerted on the endothelium, thereby protecting the ECs.

Upon sensing pro-aneurysmal hemodynamic conditions, ECs must convey molecular signals

to effecter cells to activate the remodeling cascades involved in IA initiation. However, EC

signaling cascades have not been extensively studied under the hemodynamic conditions

promoting IA formation. Recent studies in animal models by Aoki et al. have implicated a

role for shear-responsive cyclooxygenase-2 (COX2) and prostaglandin E2 synthase (PGES),

which lead to NF-κB activation and inflammatory activity.9 Nitric oxide has also been

proposed as a signaling molecule owing to observations that eNOS protein and presumably

nitric oxide bioavailability decrease during IA initiation. 47, 123 However, conflicting results

using eNOS knockout mice have been reported1, 8 and thus its role in IA formation is still

ambiguous. On the other hand, superoxide, generated by the uncoupling of eNOS under

oxidative conditions could also serve as a signaling molecule in aneurysm formation.

Superoxide can directly activate MMPs,89 and at high concentrations induce apoptosis.119

Proteolytic actions of MMPs (-2 and -9)5 and cathepsins (B, K and S)4 contribute to IEL

loss, media thinning and luminal bulging as demonstrated by reduced IA formation in rats

treated with pharmaceutical inhibitors against these proteases.4, 5 Furthermore, proteolytic

activity, in addition to oxidative cell damage, contributes to apoptosis by cleaving cell–

matrix anchorage (called anoikis).67 Cell death contributes to the characteristic media

thinning of IAs.

During IA initiation upon hemodynamic triggering, MMP production and activation occur in

the absence of inflammatory cell infiltration.56 Kolega et al.56 found in the rabbit IA model

that IEL loss was associated with localized apoptosis and elevated MMP-2 and -9 mRNA

and protein, 2 and 5 days after bilateral CCA ligation. However, inflammatory cells

(macrophages and neutrophils) were almost absent and were not localized to the aneurysm

initiation site at the basilar terminus.56 Instead, a large subset of MMPs throughout the wall

of the IA co-localized with alpha SM-actin, a marker of SMCs. This result suggests that at

the early stage of aneurysm initiation in the rabbit model, the mural cells, rather than

inflammatory infiltrates, perform inflammatory functions and produce MMPs themselves.56

Inflammatory cell infiltration could play an important role in IA development at later

stages,24 and/or in subjects involving etiologic factors in addition to hemodynamics alone.
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In rodents receiving unilateral CCA ligation, hypertension, matrix weakening, and in some

models oophorectomy to induce estrogen deficiency, 23, 46, 84 a pro-inflammatory

environment was evident in the IA wall weeks or months after model creation. Pro-

inflammatory changes include increased intracellular transcription factors NF-κB7 and

ets-1,6 which leads to increases in cytokines (IL-B and MCP-1)3, 82 and adhesion molecules

(ICAM-1 and VCAM-1).106 This leads to macrophage infiltration and its production of

MMP-2 and -9.3, 5 As a result, matrix degradation in aneurysms is widely attributed to

macrophage-derived MMPs. These results indicate that, in animals loaded with multiple

manipulations designed to induce IA risk factors, inflammatory cell infiltration promotes IA

development at later time points.

The absence of inflammatory cells during the earliest stages of aneurysm development

demonstrated in hemodynamics-only IA models (2 and 5 days as opposed to weeks or

months into the process)56 is consistent with physical intuition. High WSS in the fast,

accelerating flow region next to the bifurcation apex is not conducive for monocytes

attachment and infiltration. Selectin-mediated leukocyte rolling occurs at WSS near 0.4

Pa,86 whereas the WSS at bifurcation apices in humans tends to be above 10 Pa.2, 69

Additionally, gene expression profiling of cultured ECs indicates that WSS of 10 Pa

decreases a number of cytokines,21 suggesting the endothelium is not primed for

inflammatory cell infiltration. However, after the aneurysmal bulge becomes more

prominent, the local flow environment may change to low WSS, especially when the flow

forms recirculation in the aneurysm cavity. Low WSS is more conducive to inflammatory

cell infiltration, which can potently promote continued matrix degradation and cell death

during aneurysm development.24

Hemodynamic Insult and Other Risk Factors of IA

In addition to hemodynamics, other factors, both genetic and environmental, have been

associated with IA formation. These include familial history, female gender, genetic

diseases (e.g., polycystic kidney disease), cigarette smoking and hypertension.50, 90, 121 We

have attempted to conceptualize the interaction between hemodynamic insult and these

factors using a metaphor of a “marble in a bowl”77 (Fig. 4).

Homeostasis is represented by a marble sitting at the bottom of the bowl, while

hemodynamic insult is likened to a push on the marble (Fig. 4a). A gentle push will result in

the return of the marble to the bottom and restoration of homeostasis. However, if the push

is too strong (Fig. 4b), or the rim of the bowl is too low (Fig. 4c), the marble may fall out of

the bowl, representing a departure from homeostasis and entry into pathogenesis (i.e.,

aneurysm formation).

Genetic and environmental risk factors may serve to lower the “rim” of the bowl. For

example, hypertension decreases the ability of vessels to properly dilate,88, 94 and cigarette

smoking is known to induce vascular injury.13 These factors make weaken an individual’s

vasculature thus making them more susceptible to aneurysm development. While this

metaphor is an over-simplification, it aids in conceptualizing the contribution of

hemodynamics to IA initiation.

In short, we submit that hemodynamic insult provides the trigger for aneurysm initiation,

other risk factors compromise the individual’s ability to restore homeostasis, and aneurysms

develop if the hemodynamic insult (which will be most severe at bifurcations or outer

curves) exceeds the system’s ability to properly adapt.
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PLAQUE INSTABILITY: ROLE OF HIGH WSS AND WSSG

High WSS Contributes to Plaque Instability

Atherosclerosis is associated with morphological changes of the diseased artery. For

example, the artery can undergo an expansive remodeling to preserve the lumen as discussed

in “High WSS Associates with Atherosclerotic Wall Remodeling” section. However, at an

unknown time point in the natural history of atherosclerotic disease the plaque can encroach

into the lumen, creating vessel stenosis.80 Plaques found in vessels experiencing lumen

narrowing can be either “vulnerable,” i.e., at high risk for rupture, or stable.125

Plaque rupture predominately occurs in the upstream region of a stenosis.25, 70 Lumen

narrowing because of stenotic plaque results in a very unique and non-uniform WSS

distribution around the plaque (Fig. 1c). Specifically, low WSS is found at the downstream

shoulder of the plaque and in some cases may be oscillatory.44 High WSS is found at the

entrance of the stenosis and where the stenosis is most severe. High WSS overlying human

plaque measures from 5 Pa to over 30 Pa, depending on the degree of

stenosis.31, 39, 63, 104, 112 In a study correlating plaque composition imaged using MRI with

CFD simulation of WSS, Groen et al.35 demonstrated that plaque ulceration occurred at a

location exposed to high WSS. Since plaque rupture occurs frequently at the entrance of a

stenosis where flow is increased it has been postulated that the localized high WSS

contributes to plaque rupture.

Elevated WSS at the upstream segment of a plaque has also been postulated to cause

mechanical rupture of the cap.28 However, from a purely mechanics point of view, high

WSS is unlikely to cause rupture since the values of WSS are markedly lower than blood

pressure induced tensile stress in the cap.68 Rupture of the plaque is thought to occur when a

pressure drop induces tensile stress that exceeds the load-bearing limit of the tissue, thus

leading to rupture—referred to as the fracture stress.102 Thus high WSS produces a

mechanically-negligible load on the plaque when compared to tensile stresses.

High WSS is hypothesized to modulate local biological processes that destabilize the plaque,

making it more prone to rupture. In human coronary arteries, plaque thickness decreases at

locations of high WSS, while thickening occurs in regions of low WSS.93, 104 In general,

cap thickness and composition of the plaque determine its fracture stress, thus reducing their

integrity makes the plaque more susceptible to rupture. Regions of high WSS in human

coronary artery plaques also exhibit high mechanical deformability, i.e., strain, suggesting

that high WSS may modulate plaque composition.30, 31 A review of possible mechanisms by

Slager et al.102 has suggested that high WSS promotes certain cellular responses such as

plasmin-induced metalloproteinase activity to degrade matrix components, SMC apoptosis,

and reduced matrix synthesis. Such responses under high WSS would greatly reduce cap

thickness and cap stability thereby making the plaque vulnerable to rupture. High WSS at

the throat of a stenosis is also implicated in platelet activation, adhesion and

aggregation.10, 48 Thus local high WSS may facilitate acute thrombus formation upon

plaque rupture.

WSSG may Play a Role in Plaque Instability

Significant stenosis means that the flow velocity changes rapidly over very short distances

thus creating large spatial variations in WSS. Thus both high WSS and spatial WSSG can be

present in a stenosis. Schirmer and Malek 95, 96 have shown in both idealized and patient-

specific stenotic geometries that WSS increased in the stenosis (>10 Pa). Furthermore,

spatial WSSG increased from 80 to ~14,250 Pa/m between the upstream healthy segment of

the CCA and the stenosis.95 Although WSSG changes from positive to negative past the
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throat of the stenosis, positive WSSG tends to occur in the upstream segment95, 96 where

rupture is most frequent.25, 70

Mounting evidence indicates that ECs have unique biological responses attributable to

WSSG as discussed below. Therefore, in addition to high WSS, the presence of spatial

gradients in WSS may contribute to altering pathobiology in vulnerable plaques.

ENDOTHELIAL RESPONSES TO HIGH WSS AND WSSG IN VITRO

High WSS Induces a Unique EC State

High WSS is receiving renewed interest due to its relevance to IA formation and

atherosclerotic plaque rupture. Despite the importance of high WSS in vascular

pathobiology, the specific EC response elicited by high WSS is only now beginning to be

identified. Recent in vitro studies have revealed that high WSS induces distinct

morphological and gene expression responses in ECs. As shown in Fig. 5a,21 under high

WSS, ECs elongate but do not orient to the flow direction with the same time course as cells

exposed to baseline WSS.20, 21, 78, 92 By 24 h cells under high WSS orient perpendicular to

the flow21, 78 and by 48 h they align parallel to the flow (Fig. 5a).78

Microarray profiling of ECs in the system shown in Fig. 5a21 has revealed that high WSS

induces a different gene expression pattern as compared to baseline WSS. High WSS

upregulated genes for fibronolysis, proliferation, and matrix remodeling, downregulated pro-

inflammatory cytokines21 and increased the expression of metallothionein dismutases and

reduced ROS levels.126 This indicates that high WSS elicits a unique endothelial state—one

that is neither distinctly atherogenic, nor representative of the quiescent baseline-WSS EC

phenotype.

These newly identified EC responses under high WSS may be important for both adaptive

and destructive remodeling. For example, the upregulated matrix degrading

metalloproteinases (ADAMTS1, ADAMTS6) and serine proteases (tPA and uPA)21 could

facilitate IEL fragmentation in outward expansion, cap thinning in plaques, and massive

matrix degradation (including IEL loss) in aneurysms. Indeed, uPA and ADAMTS1 proteins

increased during outward remodeling of the basilar artery following bilateral CCA

ligation,21 while uPA and tPA are found in human IA tissue.12

Dolan et al. have also observed that high WSS values of 10 Pa21 and 28.4 Pa20 stimulate EC

proliferation in vitro. This is consistent with earlier results by Metaxa et al.,78 who found

that cultured ECs in a tapered chamber, similar to that shown in Fig. 5a, increased

proliferation as WSS increased from 2 to 10 Pa, and that this high-WSS stimulated

proliferation was mediated by the nitric oxide pathway.78 Interestingly, while Dolan et al.20

found that the high proliferation was accompanied by high apoptosis in ECs experiencing

high WSS of 28.4 Pa, Metaxa et al.78 found that apoptosis decreased as WSS increased from

2 to 10 Pa. As we have previously suggested,20 ECs may have bimodal responses to high

WSS; there may be a threshold of high WSS at which WSS switches from being a eutrophic

and protective signal to having detrimental effects (i.e., increased cell turnover) on ECs that

may contribute to vascular pathology in vivo.

How ECs sense high WSS magnitudes is unclear. Any of the known EC sensing

mechanisms under baseline or low WSS conditions could be involved in high WSS

responses (i.e., glycocalyx, junction proteins, G proteins or their coupled receptors, ion

channels, cytoskeleton, etc.17). Alternatively, EC responses could be modulated by sensors

that are only activated under high WSS. One candidate is the stretch activated ion channel

(SAC), which regulates calcium influx into ECs. The SAC inhibitor, streptomycin,
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attenuated expansive remodeling of the flow-loaded CCA in mice.108 While increased eNOS

levels under high WSS (2.5–10 Pa) were attenuated by the inhibitor, eNOS protein in

cultured ECs was unaffected by streptomycin at baseline WSS.108 These results suggest that

SACs are involved in high WSS sensing and remodeling.

Positive and Negative WSSG Elicit Distinct EC Responses

Although WSSG in the milieu of high WSS has been shown to contribute to IA formation

and could play a role in atherosclerotic plaque instability, understanding of its effect on ECs

is considerably lacking. In vivo studies indicate that aneurysmal damage initiates near the

bifurcation apex with high WSS and positive WSSG, while downstream sections of the

bifurcation experiencing equally high WSS but negative WSSG remain intact.76, 79 This

raises questions as to (1) if ECs are sensitive to WSSG, (2) if ECs can sense the sign of

WSSG, and (3) what signaling pathways are triggered by these mechanical stimuli, leading

to vastly different downstream outcomes (damaged vs. intact IEL under positive vs. negative

WSSG).

To address these questions, newly designed in vitro flow loop systems have been utilized to

study WSSG effect on EC biology in the milieu of high WSS.20, 92, 105 Symanski et al.

subjected cultured ECs to impinging flow in a T-shaped chamber designed to mimic an

arterial bifurcation. They found that high WSS combined with positive WSSG caused ECs

to migrate downstream of the impingement.105 To obtain sufficient number of cells under

constant WSSG and to separate the effects WSSG, Dolan et al.20 built the system shown in

Fig. 5b, to vary WSS between 3.5 and 28.4 Pa, in order to create positive WSSG (+980 Pa/

m) and negative WSSG (21120 Pa/m), respectively. They found that ECs are able to

distinguish the sign of WSSG, responding with vastly different cell alignment, proliferation,

and apoptosis.20 Positive WSSG inhibited while negative WSSG promoted flow-induced EC

alignment (Fig. 5b). Sakamoto et al. also reported that ECs under high WSS and positive

WSSG do not align nor develop prominent stress fibers.92 Furthermore, Dolan et al.20 found

that proliferation and apoptosis were stimulated by positive WSSG and displayed similar

response to ECs under 28.4 Pa without gradient. In contrast, proliferation and apoptosis

were suppressed under negative WSSG and were similar to ECs under 3.5 Pa without

gradient. Therefore it seems that WSSG can either exacerbate or ameliorate EC responses to

high WSS depending on its sign.20

Inspired by the observed changes in ECs under WSSG, Dolan et al. subsequently studied

gene expression differences between positive WSSG and negative WSSG under high WSS

conditions (in review). Gene profiling of ECs revealed that cells under positive WSSG, as

compared to negative WSSG, had higher mRNA expression of genes associated with

proliferation, apoptosis and extracellular matrix processing while exhibiting decreased pro-

inflammatory genes. Furthermore, similar responses occurred in vivo at the basilar terminus

of rabbits undergoing bilateral carotid ligation to induce aneurysm formation.27, 56, 74, 79

Both Ki-67, a marker of proliferating cells, and the metalloproteinase ADAMTS1 were

higher in ECs under positive WSSG than in adjacent regions of negative WSSG. Overall

these results indicate that ECs are sensitive to WSSG and are able to differentially respond

to the sign of the gradient.

How WSSG induces changes in ECs is unknown. We believe that positive and negative

WSSG represent two distinct mechanical stimuli on ECs as illustrated in Fig. 6. Positive

WSSG (increasing WSS along the flow direction) creates a net stretching force along the

apical surface of the endothelium,61, 123 pulling cells apart (Fig. 6a). Negative WSSG causes

net cell compression along the luminal surface, pressing cells together (Fig. 6b). Such shear

gradient stretch/compression is not to be confused with the cyclic circumferential stretch of

the vessel arising from pulsatile blood pressure.17 First, these two types of stretches act in
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orthogonal directions (as shown in Fig. 6), with the shear gradient stretch/compression being

along the direction of flow and EC elongation. Second, while the effect of the cyclic stretch

is felt by ECs because of their basal attachment to the distensible substrate (i.e., the vessel

wall), the shear gradient stretch/compression is strictly acting from the luminal side of the

endothelium.

Much has been learned about the combined effect of cyclic circumferential stretch and WSS,

which can work synergistically on EC responses.59, 81, 130 For example, alignment, stress

fiber formation81, 130 and Cx4359 levels in ECs subjected to WSS are enhanced by the

addition of cyclic stretch. However, little is known about the direct effect of the WSGG or

the concomitant effects of WSS with WSSG. Based on our observations that positive WSSG

exacerbated while negative WSSG ameliorated high WSS responses, we propose that

WSSG may modulate WSS responses by adding to or subtracting from, respectively, the net

stretch force already exerted across the endothelium by high WSS.20

The mechanosensory mechanism that allows ECs to respond specifically to WSSG is also

unknown. Gradient may act on ECs by creating differences in WSS experienced by adjacent

cells. These may act at intercellular junctions by preventing stable gap junction Cx4319 and

tight junction ZO-1110 formation. Additionally, gradient may produce different

conformations and/or different levels of activation in junction proteins such as PECAM-1,

which is a part of a mechanosensory complex mediating EC responses to WSS.117 A

specific candidate has not yet been identified and warrants continued investigation.

The in vitro findings of the differential EC responses to positive, negative and no gradient

provide a strong impetus to further investigate EC behavior under those WSS/WSSG

conditions that contribute to vascular disease such as in IA initiation and stenotic plaque

rupture. Our in vivo studies of aneurysm initiation79 suggest that a threshold of WSS and

WSSG may need to be reached before IEL damage and subsequent aneurysm formation can

occur. Thus in vitro studies performed under such “above-threshold” hemodynamic

conditions will shed light on the destructive mechanisms induced by ECs during

pathological processes.

SUMMARY

High WSS (>3 Pa) has emerged as a key regulator of vascular biology and pathology,

contributing to adaptive outward remodeling, pathological remodeling leading to saccular

aneurysm initiation, and atherosclerotic plaque instability. Recent advances in IA

pathogenesis using animal models have shed light on the role of high WSS in pathological

remodeling, pointing to high WSS in combination with positive WSSG along the flow

direction as the hemodynamic trigger for IA formation. Similar hemodynamic conditions

also exist at the upstream throat of the stenosis, therefore prompting us to speculate a

potential role of high WSS coupled with positive WSSG in plaque instability.

Given the overarching importance to better understand, predict and prevent aneurysm

formation and plaque rupture, we are now beginning to elucidate EC function under these

hemodynamic conditions, including high WSS alone or in combination with WSSG. Recent

in vitro studies show that high WSS induces a gene expression profile indicative of an anti-

inflammatory, anti-oxidative, proliferative, fibrinolytic and pro-matrix remodeling

phenotype. Such EC responses do not recapitulate the known phenotype of quiescent ECs

under baseline WSS, nor do they resemble the atherogenic phenotype of ECs under low

WSS conditions. Furthermore, in vitro evidence confirms that ECs are not only sensitive to

high WSS but also to the presence of WSSG and its sign. Positive WSSG appears to

exacerbate EC responses to high WSS (e.g., increased apoptosis, proliferation and decreased

alignment), while negative WSSG seems to ameliorate them. Candidate genes responsive to
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positive WSSG may provide further insight into IA formation and plaque instability under

the influence of flow.

Elucidating the effect of high WSS and WSSG on the endothelium and vascular

pathobiology can pave the way for improving prediction of aneurysm development and

plaque instability, guide intervention strategies, and identify molecular targets for

pharmaceutical IA intervention and plaque stabilization and other disease that may associate

with high WSS and positive WSSG.
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FIGURE 1.
Examples of arterial geometries with different WSS characteristics. (a) Carotid bifurcation

with disturbed flow in the sinus opposite the apex, characterized by low WSS, and prone to

atherogenesis. (b) Cerebral bifurcation with apex experiencing high WSS and WSSG

resulting from flow impingement are prone to aneurysm formation. (c) Arterial stenosis,

with both high WSS (upstream shoulder) and low WSS (downstream, disturbed flow).
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FIGURE 2.
Hemodynamic-histology co-mapping in the canine de novo bifurcation model reveals

specific hemodynamic conditions leading to different remodeling responses. (a) Overlay of

flow velocity vectors on the corresponding histological section. (b) Plot of WSS (blue) and

WSSG (red) vs. distance from the apex revealing 3 regions with distinct flow patterns and

remodeling responses from (a). Region 1: the impingement region with hyperplastic

responses; Region II: acceleration region with aneurysmlike remodeling; and Region III:

decelerating flow and recovery to baseline flow with no morphological changes. From Meng

et al.76 Reproduced with permission.
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FIGURE 3.
Hemodynamic conditions for aneurysm initiation at the basilar terminus in rabbits that

received bilateral CCA ligation.79 (a) Histology (Van Gieson staining) at 5 days showing

early aneurysmal damage in the form of IEL loss in two segments (ends are marked by

arrows) flanking the apex. (b) Hemodynamics-histology co-mapping to determine the local

hemodynamic conditions of initial aneurysmal damage. (c) WSS (blue) and WSSG (red)

distribution along the wall, whereby IEL damage (yellow bands) localized in the flow

acceleration zone. (d) “Point cloud” showing microsegments of intact IEL (black open

circles) and damaged IEL (red solid dots) plotted against their local WSS and WSSG values.

The red dots are clustered to the top right of the coordinate system, indicating that

aneurysm-initiating conditions are positive WSSG and high WSS. Reproduced from Metaxa

et al.79 with permission.

Dolan et al. Page 24

Ann Biomed Eng. Author manuscript; available in PMC 2014 July 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



FIGURE 4.
A marble-in-a-bowl metaphor for the role of hemodynamic insult in relation to other risk

factors in aneurysm initiation. Homeostasis is represented by the marble at the bottom of the

bowl and hemodynamic insult (white arrow) is represented by a push on the marble. (a) A

gentle push results in a return to homeostasis. (b) A strong enough push causes the marble to

fall out of the bowl causing a departure from homeostasis into pathogenesis. (c) Other risk

factors (family history, female gender, genetic diseases, cigarette smoking and hypertension)

lower the rim of the bowl, such that a gentle push can result in pathogenesis (i.e., aneurysm

formation). Modified from Meng et al.77
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FIGURE 5.
Alignment of bovine aortic ECs subjected to high WSS alone (a) or in combination with

WSSG (b). (a) In vitro flow chamber subjecting EC monolayers to baseline WSS and high

WSS.18 ECs align and elongate with their long axis parallel to the flow with a time course

dependent on the WSS and display a transient perpendicular alignment when WSS is high.

(b) In vitro flow system with converging and diverging-segments to produce positive and

negative WSSG across EC monolayers.17 Positive WSSG hinders cell alignment to flow

while negative WSS promotes it, even under the same range of WSS. Modified from Dolan

et al.20,21 Reproduced with permission.
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FIGURE 6.
A conceptual picture of the mechanical forces on ECs in accelerating and decelerating flow:

WSS from the flowing blood, net stretching/compression due to WSSG, and cyclic

stretching from pulsatile pressure.
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