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Abstract 

Wall shear stress, the frictional force of blood flow 

tangential to an artery lumen, has been demonstrated 

in multiple studies to influence aneurysm formation 

and risk of rupture. In this article, the authors review 

the ways in which shear stress may influence 

aneurysm growth and rupture through changes in the 

vessel wall endothelial cells, smooth-muscle cells, and 

surrounding adventitia, and they discuss shear stress–

induced pathways through which these changes occur. 
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ABBREVIATIONS: EC = endothelial cell; ECM = extracellular matrix; IEL = internal 

elastic lamina; MMP = matrix metalloproteinase; NO = nitric oxide; SMC = smoothmuscle 

cell; tPA = tissue plasminogen activator; WSS = wall shear stress; WSSG = WSS gradient. 

Introduction: How the hemodynamic factor of wall shear stress (WSS) affects an aneurysm’s 

natural history is the subject of debate. Both high and low WSS are implicated in aneurysmal 

growth, and aneurysm wall tissue may encounter both high and low WSS, yet, only a minority of 

aneurysms rupture. Therefore, factors intrinsic to the vessel wall’s reaction to the changing 

stresses placed upon it must influence the risk of rupture. In this article, we discuss how 

hemodynamic forces, namely WSS, encountered by the aneurysm wall relate to tissue changes in 

the wall, and how these tissue changes relate to aneurysmal growth and rupture. 

 

Methods 
A comprehensive review of the literature was performed using a search of PubMed, EBSCO, and 

Scopus with the following keywords: WSS, inflammation, histological, and hemodynamic, 

coupled with aneurysm. Relevant articles were selected based on individual merit and included 

basic science research, case series, human subjects research, reviews, and book chapters. Further 

sources were obtained from the references of selected articles. 

 

Normal and Aneurysmal Vascular Structure 
There are three layers within the vessel wall: the intima, the media, and the adventitia. The 

innermost layer, the intima, is composed of a single layer of endothelial cells (ECs) on the 

luminal side of the vessel and is in direct contact with blood flow. The media contains concentric 

sheets of smooth-muscle cells (SMCs) and collagen (predominately type III). The SMCs help 

generate and regulate the production of the extracellular matrix (ECM), consisting of elastin, 

collagen, proteoglycans, and fibrillin.20 Of note, at vessel bifurcations, it has been demonstrated 

that the apical portions of intracranial vessels lack SMCs (a gap referred to as the “medial 

raphe”).44 The adventitia, the outer layer, consists of type I collagen, elastin, fibroblasts, nerves, 

and the vasa vasorum. The internal elastic lamina (IEL) is a membrane of elastic fibers that 

separates the intima from the media. The external elastic lamina, present in most arteries and 

separating the adventitia from the media, is not present in the intracranial arteries.35  

     The aneurysm wall structure demonstrates changes in the histology of the vessel wall: a loss 

of IEL, thinning of the tunica media, and degeneration of the ECM.28 The fragility of the 

damaged vascular wall is related to the risk of rupture.22 The aneurysm wall histology has been 

categorized by Frösen et al. to include four subtypes which were then correlated to risk of 

rupture: 1) endothelialized wall with linearly organized SMCs (42% ruptured); 2) thickened wall 

with disorganized SMCs (55% ruptured); 3) hypocellular wall with either myointimal 

hyperplasia or organizing luminal thrombosis (64% ruptured); and 4) extremely thin thrombosis-

lined hypocellular wall (100% ruptured).13 If aneurysm walls can have both increased thickness 

and cell proliferation, as well as decreased thickness and hypocellularity, then multiple processes 

may influence the progression from normal vasculature to ruptured aneurysm. Vessel-wall 

enhancement has been shown to predict aneurysm instability, while nonenhancement predicts 

stability;41 therefore, changes in the aneurysm wall itself may contribute to the risk of rupture.    

        How a normal vessel wall is transformed into an aneurysm is multifactorial, but changes at 

the cellular level initiated by mechanical stimuli, such as WSS, appear to play a critical role in 
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the progression of an aneurysm. In the pages that follow, we will discuss the histological changes 

found in aneurysms correlated with shear stress and how these changes may predispose to 

aneurysm growth and rupture. 

 

WSS: An Overview 
WSS is a frictional force from blood flow tangential to the arterial lumen. Endothelial function is 

regulated by normal (1.5–2.5 Pa) WSS.9 Wall pressure is the kinetic energy of blood transferred 

as inertial force perpendicular to the vessel surface, and wall tension is the force exerted by the 

wall in equal magnitude and opposite direction to the wall pressure.30 When the wall tension 

required is greater than the tensile strength of the vessel wall, the aneurysm ruptures. WSS can 

increase and decrease depending on the velocity and viscosity of blood.30 A gradient in the 

degree of WSS (WSS gradient [WSSG]) is then created as blood flow velocity increases or 

decreases, depending on the flow patterns in the vessel. Accelerating flow creates a positive 

WSSG, while decelerating flow creates a negative WSSG. 

The flow patterns experienced by aneurysm wall tissue are complex and may change throughout 

the course of an aneurysm’s history: high WSS experienced during initiation of aneurysm blebs 

may then proceed to low WSS as the geometry of the aneurysm changes.28 Both high and low 

WSS have been associated with aneurysm growth and rupture. Bleb formation has been found at 

or adjacent to zones of increased WSS, as opposed to zones of stagnation. 6 In a study by Jou et 

al., mean WSS for ruptured and unruptured aneurysms was not statistically different as assessed 

by computational flow dynamics. However, there was a statistically significant difference in the 

ruptured and unruptured aneurysms in the area of aneurysm wall encountering low WSS, with a 

greater area being exposed to low WSS in the ruptured than unruptured aneurysms.19  Similar 

computational flow dynamic studies by Xiang et al. did show an association between low WSS 

and rupture.45 In addition, Boussel et al. demonstrated aneurysm growth to be more likely to 

occur in regions where the endothelium is exposed to low WSS.4 Thin-walled regions of the 

aneurysm dome have been colocalized with areas of low wall stress in unruptured cerebral 

aneurysms.21 Furthermore, Cebral et al. demonstrated that flow characteristics in hyperplastic 

regions of aneurysms are similar to those found in atherosclerotic plaques, with low WSS in 

regions of slow or recirculating flow.5 The changes in shear stress may also play a role in vessel 

wall transformation: Doddasomayajula et al. have demonstrated using ipsilateral and mirrored 

aneurysms in patients with ruptured aneurysms (to avoid confounding additional patient 

variables) that high WSS oscillations are associated with rupture. These ruptured aneurysms 

were found to have greater maximal and lower minimal shear stress compared to their 

unruptured counterparts.8 The gradient of the WSS has been found to have an effect on cells of 

the vascular wall, as Dolan et al. have demonstrated that a negative WSSG may antagonize the 

effect of high WSS on gene expression.10 An additional theory by Meng et al. is that both high 

and low WSS drive aneurysm growth and rupture, with regions of low WSS with high oscillatory 

shear index undergoing inflammatory cell–mediated destructive remodeling, and regions of high 

WSS with a positive WSSG undergoing mural cell–mediated remodeling.28 
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Shear Stress and Endothelial Changes 
Injury to the endothelium is presumed to be one of the initiating factors in aneurysm formation. 

ECs, directly in contact with blood flow under normal conditions, are sensitive to WSS and 

require it for normal function. Mechanoreceptors of WSS are located on the apical and basal 

surfaces of ECs and include ion channels, integrins, cell adhesion molecules, and G-protein–

coupled receptors and can lead to prolonged activation of inflammatory pathways such as NF-

κB.43 Abnormalities of the WSS may cause dysfunction and/or loss of the endothelial layer. 

Additionally, ECs help prevent thrombus formation on the vessel wall; however, when loss of 

WSS due to thrombus development does occur, there is dysregulation of the associated 

ECs.25,38  

Shear stress is considered an important driver of ECs in the development of new blood vessels.25 

Laminar shear stress on the EC promotes arrest of the cell cycle in G1 or G0. However disturbed 

shear stress accelerates EC turnover, and low shear stress favors apoptosis.37 Increased 

apoptosis has been found in the aneurysm wall of ruptured compared to unruptured aneurysms 

undergoing treatment.34 

Additionally, low WSS promotes disorganization of the endothelium and changes the secretion 

pattern of ECs, leading to increased production of vasoconstrictive and inflammatory agents with 

decreased vasodilators and antioxidant agents.4 Turjman et al. demonstrated that laminar flow 

promoted ECs to align with the flow and inhibited thrombosis and leukocyte adhesion; turbulent 

flow caused reorganization of the cells to cuboidal shape and promoted thrombosis and 

leukocyte adhesion via changes in the cell’s metabolism.43 Low WSS also promotes selectin-

mediated leukocyte rolling,46 with lymphocytes having been found to be important in the 

formation and rupture of aneurysms.36 T-lymphocytes promote inflammation in atherosclerotic 

plaques via secretion of TNF and IFN-γ, which activates macrophages, B-lymphocytes and 

increases adhesion molecules. B-lymphocytes modulate the uptake of oxidized lipids by 

macrophages and can contribute to endothelial damage. According to the work of Sawyer et al., 

lymphocyte-deficient mice (RAG-1) had significantly fewer intracranial aneurysms compared to 

wild-type mice at 2 weeks following intracranial aneurysm induction protocol (involving elastase 

and induced hypertension).36 Compared to the wild-type mice, the RAG-1 mice had a lower 

increase in MMP-2 and MMP-9; additionally, RAG-1 mice had fewer ruptures than wild-type 

mice. Of note in this study, intracranial aneurysm induction did not alter IFN-γ, and TNF-α was 

upregulated similarly in both groups, suggesting an inflammatory pathway independent of 

lymphocytes.36 T cells, while found in aneurysm walls, were found to be unnecessary for 

macrophage-mediated degenerative changes according to Miyata et al.29  

Chronic high WSS, as perceived by molecular sensors such as integrins and/or mechanosensitive 

ion channels on ECs, causes matrix metalloproteinase (MMP) production that leads to ECM 

degeneration in the vessel wall, which allows for luminal expansion, as well as increased 

endothelial growth factor production.18 Degradation of the IEL then allows proliferating cells to 

migrate into the new/enlarged area. As the diameter of the vessel increases, WSS is reduced and 

matrix degradation stimuli are also decreased.18 

ECs also interact with SMCs via production of nitric oxide (NO) and prostaglandin (specifically, 

PGI2, which acts as a vasodilator).26 NO helps to regulate vascular tone25,35 and it decreases 

expression of MCP-1 and VCAM-1, which assists in leukocyte adhesion.38 WSS, sensed by EC 

surface molecules, induces vasodilation via increased NO production.26 As ECs continue to be 

damaged, there is decreased NO synthase in response to elevated WSS.7,24 Under conditions of 

low WSS, there is decreased production of PGI2, contributing to atherosclerotic changes in the 
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aneurysm, as well as increased oxidative stress due to increased oxidase activity and decreased 

superoxide scavenger.26 Increased atherosclerosis within the aneurysm wall has been correlated 

with aneurysm growth23 and wall degeneration.14,31 

ECs, as discussed in the preceding paragraph, demonstrate increased expression of MCP-1 as 

well as VCAM-1 when damaged. The increase in MCP-1 and VCAM-1 likely occurs via 

activation of the transcription factor NF-κβ.42 NF-κβ activation occurs via IL-1β and the TNF 

family of ligands and leads to expression of several proinflammatory proteins (including COX-2 

and prostaglandin E2) and proteases,33 as well as regulating macrophage activation and 

recruitment.7 According to the work by Aoki et al.,3 there exists a positive feedback loop of the 

COX2/prostaglandin E2/prostaglandin E2 receptor pathway and NF-κβ signaling pathway, 

which is initiated under high WSS in ECs. Additionally, they found that EP2 deficiency or 

administration of a COX-2 inhibitor suppressed aneurysm formation and the inflammatory 

response in arterial walls.3,15 Aspirin, an inhibitor of COX-2, has been found to decrease the 

incidence of cerebral aneurysm rupture;17 however, further studies may be needed to determine 

if COX-2 inhibition is the protective factor associated with aspirin use. 

Not only is the EC sensitive to WSS, it is also affected by the WSSFG.10 According to the work 

by Dolan et al., positive WSSG downregulates genes that inhibit progression of the cell cycle 

and proliferation, decreased expression of genes that inhibited apoptosis, and downregulated 

genes associated with inflammation (such as those related to immune response and chemotaxis). 

Additionally, positive WSSG caused higher expression of ADAMTS1 (an ECM protease known 

to degrade ECM proteins, including aggrecan, versican, and thrombospondin), and 

downregulated TAGLN (a repressor of collagenase [MMP-9] expression). Also demonstrated in 

their study, a negative WSSG (even in areas of high WSS) counteracted the upregulation of 

genes that would have been upregulated by higher WSS. With an increase in cell turnover 

combined with increased apoptosis and ECM degradation under conditions of positive WSSG, 

the arterial wall may be more vulnerable to further mechanical damage.9,10 

The IEL separates the intima (the monolayer of ECs on the luminal side in direct contact with 

blood flow) from the media (the concentric SMCs and type III collagen). Liaw et al. 

demonstrated that IEL loss following endothelial injury is due to increased MMP-2 and -9 

production by the SMCs.24 

 

 

 

 

 

 

 

 

TABLE 1. Summary of hemodynamic pattern and vascular wall changes 

Authors & Year Hemodynamic Pattern Vascular Wall Changes 

Boussel et al., 2008 Low WSS Disorganization of endothelium, increased 

production of vasoconstrictive & inflammatory 

agents; 

increased apoptosis of ECs 

Lu & Kassab, 2011 Decreased production of PGI2, leading to 

atherosclerotic changes; increased oxidative 
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stress 

Zhou et al., 2017 Increased selectin-mediated leukocyte rolling 

Papadaki et al., 1998 Decreased tPA production 

Hoi et al., 2008 High WSS MMP production by ECs 

Fukuda & Aoki, 

2015 

NF-κB & COX-2 increased 

Pawlowska et al., 

2018 

IL-1β increased 

Taylor et al., 2015 Migration of SMC from media to intima; 

change of SMC phenotype from contractile to 

secretory, w/ MMP production by SMC 

Shi & Tarbell, 2011 PDGF & FGF-2 released from SMCs 

Papadaki et al., 1998 Increased tPA production 

Dolan et al., 201310 Negative WSSG Counteracted upregulation of genes that would 

be normally upregulated in regions of WSS 

Positive WSSG Downregulated genes that inhibit progression of 

cell cycle & proliferation; decreased expression 

of anti-apoptotic genes; downregulated genes 

associated w/ inflammation & chemotaxis; 

increased ADAMTS1 (ECM protease) & 

decreased TAGLN (repressor of MMP-9) 

Turjman et al., 2014 Laminar flow EC alignment w/ flow; inhibition of thrombosis 

& leukocyte adhesion 

Turbulent flow Reorganized ECs w/ cuboidal shape; promoted 

thrombosis & leukocyte adhesion 
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FIG. 1. Vessel wall structure under normal (lower) and aneurysmal (upper) conditions. As 

discussed in text, vessel wall structure changes induced by WSS include increased production of 

chemokines and attachment molecules (MCPs and VCAMs) for leukocytes (purple oval), 

induction of inflammatory pathways in both ECs and SMCs (yellow bolt). The EC layer (blue 

oval) becomes disorganized with decreased ECM and thinning of the underlying IEL (yellow 

bar). Additionally, there is migration of the SMCs (orange hexagon) of the media into the 

intima, with phenotypic SMC changes from contractile to secretory function followed by 

increased apoptosis (black star) of the SMCs. 

 
 

Shear Stress and SMC Phenotype Changes 
SMCs are normally not exposed to WSS unless the endothelial layer is damaged; they do, 

however, react to increased pressure and wall tension by contraction, change of phenotype, 
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proliferation, or synthesis of new matrix.37 Arterial SMCs can undergo changes in phenotype, 

changing from the contraction-oriented phenotype to a proinflammatory/ matrix remodeling 

phenotype.11,16  

SMCs initially respond to increased WSS by migrating from the tunica media to the intima and, 

in response to local signals, change from a contractile to a secretory phenotype with increased 

production of NF-κβ, IL-1β, TNF-α, MMPs, and initiation of apoptotic pathways.40 Because 

SMCs are largely responsible for production of the surrounding ECM, their loss results in loss of 

this tissue layer.40 IL-1β is induced in the early stages of aneurysm formation in mice and 

localizes to the SMC, its activity promotes apoptosis of SMC. IL-1β knockout mice had no 

significant difference in the rate of aneurysm formation compared to control mice, but they did 

have fewer advanced aneurysms and lower rates of apoptosis identified in the aneurysm domes, 

suggesting IL-1β may be important in the progression of aneurysms.7  

Macrophages have been found to produce MMP-2 and MMP-9, which contribute to the 

degradation of the ECM.1 In a study by Mandelbaum et al., SMCs were also found to have 

proinflammatory responses to aneurysm-inducing hemodynamic changes. Aneurysm damage 

was induced via bilateral common carotid artery ligation in rabbits, and it was found that MMP-2 

and MMP-9 increased in areas of aneurysm damage within 5 days following flow-increasing 

surgery. Inflammatory cells in the areas of dam-age were sparse, and the MMPs colocalized with 

SMCs, suggesting that SMCs are also producers of MMPs. Additionally, in this study, 

macrophage depletion did not decrease the initiation of aneurysm changes. There was a change 

from the normal contractile phenotype of SMCs in areas of flow-induced damage, with 

decreased expression of SMA (a marker of smooth muscle) and calponin, as well as increased 

expression of inflammatory markers (NF-κB and MCP-1).27  

When exposed to shear stress, PDGF and FGF-2 are released from SMCs.37 PDGF influences 

SMC migration and cell adhesion, decreases SMA expression, and results in less dense ECM 

structure.39 Frösen et al. demonstrated that receptors for TGF-β, PDGF, and VEGF were 

upregulated in ruptured aneurysms and were associated with aneurysm wall remodeling; warning 

leaks were associated with increased GFG receptor expression.12 As discussed in a review by 

Signorelli and colleagues, SMC phenotype modulation is affected by FGF and TGF-β.38 SMCs 

also have been found to have Ets-1 transcription factor expression after experimentally induced 

aneurysm induction; Ets-1 mediates expression of MCP-1, which attracts monocytes 

and macrophages.2  

Production of tissue plasminogen activator (tPA) and human protease activated receptor–1 have 

been found to increase under high WSS and decrease under low WSS.32 These findings are 

interesting to note with consideration of Frösen and colleagues’ findings of luminal thrombosis 

to be found more frequently in ruptured than nonruptured cerebral aneurysms.13 Additionally, 

Frösen et al. demonstrated that vessel walls with linearly organized SMCs had a lower rate of 

rupture than those with disorganized SMCs; shear stress has been found to influence the 

alignment of SMCs with differences in alignment based on uniform 

and nonuniform shear stress.37 

 

Conclusions 
Changes in the aneurysm wall leading to aneurysm progression and rupture are mediated by 

cellular changes induced by both high and low shear stress. Readers are directed to Table 1 for a 

summary of vascular wall changes based on patterns of shear stress and Fig. 1, which further 
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illustrates how the different modes of shear stress contribute to aneurysm changes in the vascular 

wall. Low shear stress conditions favor disorganization and apoptosis of the EC, as well as 

oxidative stress and additional inflammation. High shear stress promotes the migration of SMCs 

and phenotypic changes leading to SMC secretion of inflammatory mediators and factors 

involved in the degradation of the vessel wall. Inflammatory signaling occurs not only from 

leukocytes responding to cytokines produced by EC but also from the vascular SMCs, which 

have undergone a phenotypic change.  

Understanding the vessel wall’s response to WSS is fundamental to appreciating the sequence of 

events leading to aneurysm formation and growth, thereby providing potential areas in which we 

may influence the natural history of aneurysms so as to prevent rupture and the neurological 

morbidity that ensues. Previous work suggests that medications, such as aspirin and selective 

COX-2 inhibitors, potentially decrease the risk of aneurysm rupture. Moving forward, with a 

greater understanding of aneurysm wall changes, it may be possible to selectively target and 

perhaps even reverse the pathological process leading to aneurysm growth and rupture.  
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