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Abstract 

 

Background: Artery is subject to wall shear stress (WSS) and vessel structural stress (VSS) 

simultaneously. This study is designed to explore the role of VSS in development of 

atherosclerosis.  

 

Methods: Silastic collars were deployed on the carotid to create two constrictions on 13 rabbits 

for a distinct mechanical environment at the constriction. MRI was performed to visualise 

arteries’ configuration. Animals with high fat (n=9; Model-group) and normal diet (n=4; 

Control-group) were sacrificed after 16 weeks. 3D fluid-structure interaction analysis was 

performed to quantify WSS and VSS simultaneously.  

 

Results: Twenty plaques were found in Model-group and 3 in Control-group. In Model-group, 

8 plaques located proximally to the first constriction (Region-1, close to the heart) and 7 distally 

to the second (Region-2) and 5 plaques were found on the contralateral side of 3 rabbits. 

Plaques at Region-1 tended to be bigger than those at Region-2 and the macrophage density at 

these locations was comparable. Minimum time-averaged WSS (TAWSS) in Region-1 was 

significantly higher than that in Region-2, and both maximum oscillatory shear index (OSI) 

and particle relative residence time (RRT) were significantly lower. Peak and mean VSS in 

Region-1 were significantly higher than those in Region-2. Correlation analyses indicated that 

low TAWSS, high OSI and RRT were only associated with plaque in Region-2, while lesions 

in Region-1 was only associated with high VSS. Moreover, only VSS was associated with wall 

thickness of plaque-free regions.  

 

Conclusion: VSS might contribute to the initialisation and development of atherosclerosis 

solely or in combination with WSS. 

 

Key words:  wall shear stress; vessel structural stress; atherosclerosis; artery    
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Abbreviations  

 

ALE Arbitrary Lagrangian-Eulerian 

CCA Common carotid artery 

CFD Computational fluid dynamics 

EC Endothelial cell 

ECM Extracellular matrix 

FSI Fluid-structure interaction 

HDL High density lipoprotein 

LDL Low density lipoprotein 

Region-1 Proximal to the first constriction (close to the heart) 

Region-2 Distal to the second constriction (close to the head) 

MR Magnetic resonance 

MTH Mean thickness of healthy (plaque-free) section 

MWT Maximum wall thickness 

OSI Oscillatory shear index 

PAR Plaque area ratio 

PC-MRI Phase contrast MRI 

RRT Relative resident time 

TAWSS Time averaged wall shear stress 

TOF Time of flight 

VH-IVUS Virtual histology intravascular ultrasound 

VSMC Vascular smooth muscle cell 

VSS Vascular structural stress 

WSS Wall shear stress 
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1. Introduction 

Atherosclerosis is the leading cause of death and disability worldwide1. Its development is 

generally characterised by deposition of extracellular lipids, inward migration of pro-

inflammatory cells and proliferation and migration of local vascular smooth muscle cells 

(VSMCs)2. Atherosclerosis is a systemic disease that affects nearly all arterial territories, 

however, its development rate3,4 is known to differ locally. Highly advanced lesions are 

primarily located in areas with bifurcation or a tortuous shape, e.g., arch. This suggests that 

local environmental factors could influence plaque development. 

 

Arterial wall is subject to two distinct types of mechanical loading due to the dynamic blood 

pressure and flow. These mechanical loads can be classified into vascular structural stress 

(VSS) due to arterial expansion induced by dynamic blood pressure and wall shear stress 

(WSS) acting on the lumen surface due to blood flow. The association between 

supraphysiological WSS and the malfunctioning of endothelial cells (ECs), and therefore the 

initialization and development of atherosclerosis has been extensively studied5, while the role 

of VSS remains less clear. Regions exposed to low or oscillatory WSS appear to be atherogenic, 

whereas regions exposed to WSS with high magnitude and uniform direction are protected6–8. 

Slow and oscillatory flow tend to increase the residence time of circulating particles in 

susceptible regions. Moreover ECs transduce WSS into biochemical signals that regulate gene 

expression and cell behaviour via specialized mechanisms and pathways, and 

supraphysiological WSS modifies pathways and contributes to atherosclerosis and vascular 

malformations9,10. However, the general relationship between low and oscillatory WSS and 

atherosclerosis development failed in several regions of the arterial circulation11,12, suggesting 

that other parameters may play an important role in the localization and onset of 

atherosclerosis. 

 

Under physiological conditions, ECs within the endothelium, as well as the ECs of vasa 

vasorum are subject to both WSS and VSS simultaneously, while all other cells, including 

VSMCs, within the wall structure are mainly subject to VSS only. VSS is a complex 

mechanical stress that acts in circumferential, radial, and axial directions within the wall, 

causing structural deformation of individual cells. VSMCs are capable of sensing VSS through 

multiple mechanisms and transducing it into intracellular signals13,14 that might contribute to 

the initialization and development of atherosclerosis. The role of VSS in atherogenesis was 

proposed more than half a century ago based on the fact that atherosclerosis is found in arteries 
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instead of veins, and is likely to develop at ostia of branches where high VSS concentration 

occurs15,16. This hypothesis was supported by the observation that reduction in arterial 

intramural stress inhibited atherosclerosis in rabbits17,18 and vulnerable carotid plaque was 

found at the location with both low WSS and high local blood pressure as quantified by 

computational fluid dynamics (CFD) 19. In case of hypertension, the elevated blood pressure 

increases VSS and induces compensatory vascular remodelling and subsequently enhances 

endothelial permeability and vascular tone20 and superoxide production in VSMC21. Ex vivo 

studies have demonstrated a combination effect of WSS and VSS in modulating EC 

bioactivities22,23 and common biochemical pathways in both EC and VSMC have been found 

to response to both WSS and VSS24. Although these observations suggest the potential role of 

VSS in atherosclerosis initialization, direct evidences are still lacking.  

 

In this study, two constrictions were created on the carotid artery of rabbits by placing a collar 

to create distinct mechanical environments at different locations that refer to constrictions. In 

vivo magnetic resonance (MR) imaging was performed to visualize the arteries’ configuration 

and to reconstruct the 3D geometry. Fully coupled fluid-structure interaction (FSI) analyses 

were performed to calculate WSS and VSS simultaneously. Histopathological stains were used 

to visualize the plaque distribution and the local inflammatory status. The associations between 

WSS, VSS and plaque characteristics were reported. 

 

2. Materials and methods 

2.1. Rabbit treatment protocol 

This study was approved by the local ethics committee and animals were treated according to 

Home Office animal welfare guidelines. Nine New Zealand White rabbits were put on a high 

fat diet that comprised of 0.3% cholesterol and 4.7% palm oil in standard rabbit chew for 16 

weeks (Model-group) and four rabbits received normal chew diet (Control-group). A non-

occlusive, silastic collar (ARK Therapeutics, Finland) was implanted on the left common 

carotid artery (CCA) of 9 rabbits two weeks after the high fat diet (Fig.1A&B). Collars were 

also placed in 4 rabbits from the Control-group. Sham operation was performed on the right 

CCA. The collar had two narrow points constricting to 2 mm external diameter (Fig.1A) and 

produced a partial occlusion of the artery. Rabbit health status was assessed by serological 

analysis and body weight. Blood cholesterol, high density lipoprotein (HDL), low density 

lipoprotein (LDL) and triglyceride levels were measured to monitor the dietary intake of 

cholesterol and lipids.  
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2.2. Magnetic resonance imaging 

MR imaging was performed three days after collar implantation with bespoke 3D time of flight 

(TOF), T1-weighted spin echo, T2-weighted gradient echo and phase contrast sequences (PC-

MRI) to visualise carotid artery structure and measure blood flow velocity (Fig.1B and 

S_Figure 1 in the Supplemental Material). The imaging was performed on a Bruker 4.7T 

system using a surface coil (Bruker 25-mm coil) with ECG-gating. Detailed scanning 

parameters for each sequence were, 3D TOF: TR/TE, 16.8/3.5 ms; echo train length (ETL), 1; 

number of excitations (NEX), 1; Matrix, 256×256; thickness, 0.2930 mm; pixel spacing, 

0.2930 mm; T1-weighted: TR/TE, 700/9 ms; ETL, 1; NEX, 2; Matrix, 512×512; thickness, 2 

mm; pixel spacing, 0.125 mm; T2-weighted: TR/TE, 4458.1/64.7 ms; ETL, 8; NEX, 2; Matrix, 

512×512; thickness, 2 mm; pixel spacing, 0.125 mm; PC-MRI: acquisition number, 2; Matrix, 

256×256; thickness, 3 mm; pixel spacing, 0.1953 mm; VENC, 150 mm/s. 

 

The silastic collar does not produce any MR signal and the collar therefore appeared 

hypointense in both T1-weighted and T2-weighted images. Following implantation, the void 

within the collar became filled with interstitial fluid (S_Figure 1 in the Supplemental 

Material) which was hyperintense in both T1-weighted and T2-weighted images.  

 

2.3. Mechanical analysis 

The lumen, outer wall, collar, and interstitial fluid were identified manually with reviewing 

TOF, T1-weighted and T2-weighted images using VascularView (Tenoke Ltd., Cambridge, 

UK). The 3D geometry was reconstructed using an in-house developed software in Matlab 

2018a (The Mathworks, Inc., MA, USA) and meshed using hexahedral elements in ADINA 

9.2.3 (ADINA R&D Inc., MA, USA). Both ends were extended 10 times of the local diameter 

to eliminate the entrance effects. The detailed structure and fluid domains with mesh were 

shown in S_Figure 2 in the Supplemental Material. Briefly, the arterial cross section was 

divided into 192×12 subdivisions (~30×10 μm2) with an axial thickness of 200 μm (S_Figure 

2A in the Supplemental Material), and the cross section of the fluid domain was divided into 

50×50 subdivisions with the same axial thickness as the structure domain (S_Figure 2B in the 

Supplemental Material). A coarser mesh was used for extended sections to reduce the 

computational cost. The mesh dependency analysis was performed by changing element size 

with a step of ~10% in each dimension until the difference of the peak VSS and maximum flow 
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velocity (with 99.5% criterion) were less than 2%25. The resulting mesh density was then 

chosen for the final analysis. 

 

The Young’s modulus of silastic collar is 2.05 MPa and the Poisson's ratio is 0.35 as provided 

by the manufacturer. The arterial wall was assumed to be a hyper-elastic material and 

characterised by the modified Mooney-Rivlin strain energy density function, 

𝑊𝑊 = 𝑐𝑐1(𝐼𝐼1̅ − 3) + 𝐷𝐷1�𝑒𝑒𝐷𝐷2(𝐼𝐼1̅−3) − 1� + 𝐾𝐾(𝐽𝐽 − 1)                                  (1) 

in which 𝐼𝐼1̅ = 𝐽𝐽−2/3𝐼𝐼1, 𝐼𝐼1 the first invariant of left Cauchy-Green deformation tensor and 𝐽𝐽 is 

the determinant of deformation gradient; 𝑐𝑐1, 𝐷𝐷1 and 𝐷𝐷2 are empirical material constants and 𝐾𝐾 

is the Lagrange multiplier for the incompressibility. Material constants were determined by 

fitting previously reported experimental data, 𝑐𝑐1=1.11 kPa, 𝐷𝐷1=3.54 kPa and 𝐷𝐷2=0.7026. 

 

Determination of computational starting shape  

Since images were acquired at the pressurised condition with axial stretch27, shrinkage was 

necessary to recover the pressure- and stretch-free configuration to generate the starting shape 

for the computational simulation28. Axial shrinkage was set to be 15%, which was determined 

by the ratio of the length of the arterial section before and after harvesting from the animals in 

the Control-group. The blood pressure (78-116 mmHg) and waveform were adopted from 

previous reports29,30. Due to the presence of the collar, radial shrinkage rates were different in 

the region beyond the constrictions, at the constrictions and between the constrictions. The 

shrinkage for each section was determined such that when pressurised with mean pressure, the 

configuration matched with the one obtained from in vivo imaging. The radial shrinkage was 

10.2±0.7%, 0.1±0.2%, 0.2±0.2% for each of the three sections, respectively. 

 

Fluid-structure interaction analysis 

After the shrinkage was determined, the arterial lumen and outer wall contours and the slice 

thicknesses were updated accordingly, and the 3D geometry was reconstructed (Fig.1B). The 

interstitial fluid between the artery and collar was modelled as an incompressible gel with 

material constants set to be 𝑐𝑐1=0.0212 kPa, 𝐷𝐷1=0.4260 kPa and 𝐷𝐷2=0.531231. The volume 

enclosed by the arterial lumen surface was defined as fluid domain, which was similarly 

meshed with hexahedral elements. 

 



8 
 

Blood flow was assumed to be laminar, Newtonian, viscous, and incompressible. Navier-

Stokes equations with arbitrary Lagrangian-Eulerian (ALE) formulation were used as the 

governing equations, 

 𝜌𝜌𝑏𝑏
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

+ ���𝒖𝒖 − 𝒖𝒖𝑔𝑔� ∙ ∇�𝒖𝒖� = −𝜕𝜕𝜕𝜕 + 𝜇𝜇𝜕𝜕2𝒖𝒖, ∇ ∙ 𝒖𝒖 = 0                            (2) 

with loading conditions, 

𝑝𝑝|𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑝𝑝𝑖𝑖𝑖𝑖(𝑡𝑡), 𝑝𝑝|𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) 

where u is the flow velocity, ug is the mesh velocity, p is the pressure, and µ and 𝜌𝜌𝑏𝑏 stand for 

the blood viscosity and density, respectively. The motion of the arterial wall, collar and 

interstitial fluid was governed by,  

𝜌𝜌𝑤𝑤𝑣𝑣𝑖𝑖,𝑡𝑡𝑡𝑡 = 𝜎𝜎𝑖𝑖𝑖𝑖,𝑗𝑗,  i, j=1,2,3; sum over j,                                         (3) 

with boundary condition, 

𝜎𝜎𝑖𝑖𝑖𝑖,𝑗𝑗 ∙ 𝑛𝑛𝑗𝑗�𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
= 0 

in which 𝜌𝜌𝑤𝑤  is the wall density, 𝒗𝒗 is the displacement vector, 𝝈𝝈 is the stress tensor, and t 

denotes time. There was no relative displacement between collar, interstitial fluid, and the 

arterial outer wall. No-slip condition between the flow-vessel interfaces was set, 

𝒖𝒖|Γ =
∂𝒗𝒗
𝜕𝜕𝜕𝜕
�
Γ
 

and interaction actions between the fluid and solid was governed by 

𝜎𝜎𝑖𝑖𝑖𝑖
𝑓𝑓 ∙ 𝑛𝑛𝑗𝑗�Γ = 𝜎𝜎𝑖𝑖𝑖𝑖𝑠𝑠 ∙ 𝑛𝑛𝑗𝑗�Γ 

where Γ represents the inner wall of the vessel and the superscripts, f and s, stand for fluid part 

and solid part, respectively. The fully coupled FSI analyses were performed in ADINA 9.2.3. 

It uses unstructured finite element methods for both fluid and solid models. Nonlinear 

incremental iterative procedures were used to handle FSI. The governing finite element 

equations for both solid and fluid models were solved by the Newton-Raphson iteration method. 

The energy convergence criterion was used for solid domain during equilibrium iterations with 

the relative energy tolerance being 0.05 and relative force and moment tolerance being 0.01. 

For the fluid domain, the relative tolerances for velocities, pressure and displacements were set 

to be 0.06 for controlling the equilibrium. Both the displacement and velocities at the fluid-

structure interface and the forces on the structure due to the viscos fluid were checked for 

convergence. Relative displacement/velocity and force tolerances were both set to be 0.06. 

Details of the models and methods are given by Bathe32. The 𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) was adjusted such that 

the difference between the simulated flow rate and the one measured by phase contrast MR 
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was less than 5%. Each simulation was performed over four cardiac cycles and results from the 

last one was extracted for analysis. 

 

Mechanical parameters used for analysis 

Maximum principal stress was used to characterise VSS. WSS6,33, oscillatory shear index 

(OSI)33 and relative resident time (RRT)34,35 have been widely suggested to be associated with 

atherosclerosis initialization and development. OSI was defined as, 

OSI = 1
2
�1 −

�∫ 𝜏𝜏�⃑ 𝑑𝑑𝑑𝑑𝑇𝑇
0 �

∫ |𝜏𝜏�⃑ |𝑑𝑑𝑑𝑑𝑇𝑇
0

�                                                           (4) 

in which T is the cardiac period and 𝜏𝜏 is WSS. RRT at a particular site is inversely proportional 

to the distance that a particle at that site travels during a cardiac cycle,  

RRT~ �1−2×OSI
𝑇𝑇 ∫ |𝜏𝜏|𝑑𝑑𝑑𝑑𝑇𝑇

0 �
−1

                                                    (5) 

The expression on the right was therefore used as the indicator of RRT to represent the average 

amount of time that a particle spent in a region. All parameters were extracted using 99.5% 

criterion to remove any possible distortion due to local poor mesh quality for the final analysis. 

 

VSS is both location and time dependent and can be written VSS (r, θ, z, t) in a cylindrical 

coordinate system. The peak and mean values of VSS were used to characterise the structural 

loading in this study, 

Peak VSS = max
𝑡𝑡
�max

Ω
[VSS(𝑟𝑟,𝜃𝜃, 𝑧𝑧, 𝑡𝑡)]�, and Mean VSS = 1

Ω
1
𝑇𝑇 ∫ ∫ VSS(𝑟𝑟,𝜃𝜃, 𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑑𝑑𝑇𝑇

0Ω 𝑑𝑑v  (6) 

in which, Peak VSS is the maximum VSS during one cardiac cycle in a region, Ω, and Mean 

VSS is the time average value of VSS in a region, and 𝑇𝑇 is the cardiac cycle. 

 

2.4. Immunohistochemical processing and analysis 

All 13 rabbits were sacrificed at the end of the 16 weeks. CCAs on both sides were collected 

(Fig.1C). Collar implants were carefully removed, and constriction points were marked. 

Standard immunohistochemical procedure was followed. At locations proximal to the first 

constriction (Region-1; about 6-mm length) and distal to the second constriction (Region-2; 

about 6-mm length) with a 1-mm gap, 5-μm slices were made for Haematoxylin and Eosin 

(H&E) and Cluster of Differentiation 68 (CD68) stains. For the arteries obtained on the 

contralateral side and those from the 4 controlled animals, slices at similar levels were made 

for H&E and CD68 stains. Each histological slide was digitised using NanoZoomer 

(Hamamatsu Photonics, Hamamatsu, Japan) at x40 magnification. 
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An in-house software developed in Matlab was used to perform quantitative histological 

analysis. Each CD68 image was processed with a semi-automatic Support Vector Machine 

classifier36 to segment area with CD68 positive allowing the calculation of area percentage 

with macrophages. Segmentation parameters of the classifier were optimised with the help of 

Mrs Nichola Figg, who has more than 15 years of experience in histopathological analysis of 

diseased arterial tissues. Plaque area ratio (PAR), maximum wall thickness (MWT defined as 

the maximum thickness in a region) and the mean thickness of healthy (plaque free) section 

(MTH defined as the mean thickness of all healthy sections in a region) were measured 

manually in NDP Reviewer (Hamamatsu Photonics, Hamamatsu, Japan) (Fig.2). PAR is 

defined as the ratio between area in yellow (plaque) and the wall (area in grey + plaque) and 

MTH is defined as, (d1+d2+d3+d4+d5)/5. No lipid-rich necrotic core, intraplaque haemorrhage 

or calcified tissues was found in either Model- or Control-group. 

 

2.5. Statistical analysis 

The normality was assessed by examining the quantile-quantile plots. Variables that followed 

the normal distribution were expressed as mean±standard deviation (Mean±SD), or otherwise 

median [inter-quantile range, IQR]. Frequencies in categorical data were studied using the 

Pearson’s chi-square test. The difference in plaque characteristics and mechanical variables at 

different regions on the paired sides were evaluated by Wilcoxon signed rank test. The 

correlations between plaque characteristics and mechanical variables were assessed using 

Spearman correlation test and multivariable analyses were further performed to identify the 

independent factors associated with lesions’ features in both regions. The statistical analysis 

was performed in MATLAB. A significant difference was assumed if p<0.05. 

 

3. Results 

The final weights of Control (n=4) and Model (n=9) groups were 5.04±0.20 kg and 4.10±0.31 

kg, respectively (p<0.001). Except for triglycerides, total cholesterol (15.833±5.175 vs. 

1.525±0.465, mmol/L, p<0.001), LDL (13.100±5.246 vs. 0.525±0.222, mmol/L, p<0.001) and 

HDL (0.962±0.236 vs. 0.665±0.157, mmol/L, p=0.025) of Model-group were all significantly 

higher than those of controls (Table 1). The stenosis, defined by the diameter, caused by the 

collar at the first constriction point was 30.4%±11.6% and 34.8%±12.2% at the 2nd constriction 

point (p=0.324). The constrictions led to a flow reduction which had not recovered three days 
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after the collar deployment as quantified by the PC-MRI. The peak and the minimum velocity 

on the collared side were both significantly lower than those on the contralateral side 

(72.1±25.1 cm/s vs. 95.1±26.4 cm/s, p<0.0001; 18.9±11.8 cm/s vs. 19.8±14.2 cm/s, p=0.002). 

 

3.1. Location-dependent pathological features 

Presence of plaque was defined as the ratio between the plaque (the area in yellow in Fig.2) 

and the wall area (area in grey + yellow in Fig.2) exceeding 5%. In Model-group, plaques were 

found in all rabbits with 15 plaques on the collared sides (8 in Region-1 and 7 in Region-2), 

and five plaques on the contralateral sides (p=0.003). Compared with those on the contralateral 

side, plaques on the collared side in either Region-1 or Region-2 tended to be bigger and more 

inflammatory with higher PAR, MWT, MTH and density of macrophages (Fig.3). On the 

collared side, plaques in Region-1 were bigger than those in Region-2 with a similar level of 

inflammatory burden (Fig.3). 

 

In Control-group, three plaques (two in Region-1) were found on the collared sides in two 

animals, and none was observed on the corresponding contralateral sides. In general, Model-

group tended to have more plaques than the controls (p=0.045). Although PAR in Model-group 

was bigger than the one in the control, no significant difference was found (25.4±22.3% vs. 

10.5±1.8%, p=0.654), neither as the density of CD68-positive macrophages (median 

[interquartile range]: 89.2 [34.9, 374.0] vs. 27.7 [13.6, 178.1], p=0.373). However, since the 

number of plaques in Control-group is small, the test might have rejected the hypothesis 

incorrectly. 

 

3.2. Location-dependent haemodynamic characteristics 

A representative case with haemodynamic parameters on the collared side and corresponding 

contralateral side was shown in Fig.1E&F. Flow parameters during one cardiac cycle, including 

time averaged WSS (TAWSS), OSI and RRT were all location dependent (Fig.1E). WSS was 

significantly highest at the constriction points due to their narrowest dimension and it was 

lowest in the region right after each constriction. The distribution pattern of OSI and RRT was 

similar with lowest at the sites of constriction, and highest in the region right after each 

constriction. The values of WSS, OSI and RRT in Region-1 and in the middle region between 

the two constrictions were moderate. VSS was shown in Fig.1F. Both of Peak VSS and mean 

VSS were lowest at the sites of constriction and highest in Region-1 and Region-2.  
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When the data was pooled, it was found that minimum TAWSS in Region-1 was significantly 

higher than the one in Region-2 (Fig.4A); both maximum OSI and RRT in Region-1 was 

significantly lower than the two in Region-2 (Fig.4B&C); and the highest minimum TAWSS, 

and lowest maximum OSI and RRT appeared on the contralateral side (Fig.4A-C). In the wall 

structure, arteries without collars had the lowest Peak VSS and Mean VSS. These two 

parameters reached their highest level in Region-1, while Peak VSS and Mean VSS were 

moderate in Region-2 (Fig.4D&E). 

 

3.3. The relationship between local mechanical parameters and plaque features 

In Region-1, none of flow parameters was associated with PAR, MWT, MTH, or macrophage 

density. On the contrary, Peak VSS was associated with PAR, MWT and macrophage density 

with ρ being 0.88 (p=0.003), 0.72 (p=0.037), and 0.70 (p=0.043), respectively. Mean VSS was 

associated with PAR and macrophage density with ρ being 0.80 (p=0.014) and 0.75 (p=0.025), 

respectively. In Region-2, both maximum OSI and RRT were associated with PAR 

significantly with ρ being 0.76 (p=0.040) and 0.81 (p=0.025), respectively. Moreover, both 

were also associated with the density of macrophage with ρ being 0.85 (p=0.012) and 0.83 

(p=0.016), respectively. However, minimum TAWSS did not associate with neither PAR nor 

macrophage density. Neither Peak VSS nor Mean VSS were associated with any plaque feature 

in Region-2. When data from Region-1 and Region-2 were pooled, as shown in Fig.2, Peak 

and Mean VSS, none of flow parameters, correlated positively with local wall thickness either 

at the location with plaque (Peak VSS: ρ=0.68, p<0.001; Mean VSS: ρ=0.58, p<0.001) or free 

of plaque (Peak VSS: ρ=0.60, p=0.001; Mean VSS: ρ=0.47, p=0.002).  

 

Spearman correlation analysis showed that Peak and Mean VSS correlated with each other 

(ρ=0.67, p=0.01), so as maximum OSI and maximum RRT (ρ=0.95, p<0.001). Multivariable 

regression analyses were therefore performed to further assess the correlation between the three 

independent haemodynamic factors, Peak VSS, minimum TAWSS, and maximum OSI, and 

lesions characteristics, including, PAR, MWT, MTH and the density of macrophage. Results 

indicated that Peak VSS was associated with PAR (slope=0.022, p=0.030), MWT 

(slope=0.012, p=0.040) and the density of macrophage (slope=2.88, p=0.046) in Region-1; 

maximum OSI was associated with PAR (slope=0.93, p=0.022), MWT (slope=0.72, p=0.036) 

and the density of macrophage (slope=1.4×103, p=0.0004) in Region-2. More information can 

be found in the Supplemental Material (Tables S1 and S2). 
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4. Discussion 

To authors’ best knowledge, this is the first study to quantify the association between local 

mechanical loadings, including both WSS and VSS simultaneously, and morphological and 

inflammatory status of atherosclerosis using animal models. Traditional WSS hypothesis could 

well explain the appearance of plaque in Region-2, however, it failed for those found in Region-

1 where TAWSS was higher, and ISO and RRT were lower. Regression analysis demonstrated 

that high VSS associated well with lesion found in the region proximal to Region-1. This study 

implied that both WSS and VSS could initialise atherosclerosis solely or in combination.  

 

Previous studies on the biomechanics of atherosclerosis focused largely on the pathological 

effects of imbalanced flow environment on the vascular physiology37. The combined effect of 

WSS and VSS has been least investigated, although it has been proposed and quantified 

indirectly previously19,38. There is a clear lack of comprehensive studies aimed at understanding 

the effects of structural stresses and stretches on the pathophysiology of the vessel wall. The 

preferable appearance of atherosclerotic plaque at the location with bifurcation or bend has 

been mainly thought to be due to malfunctioned WSS. High VSS might also appear in these 

locations. As shown in Fig.1 and Fig.4D&E, high VSS concentrations appeared in both Region-

1 and Region-2. Only FSI analysis can quantify WSS and VSS simultaneously. However, due 

to convergence issues arising from irregular wall geometry at these locations, nonlinear 

material properties, large deformation, and highly nonlinear governing equations, it is 

challenging to obtain a successful FSI simulation. This might be one of the main reasons that 

major efforts have been spent on studies seeking the pathological impact of WSS on the 

atherosclerosis initialization using CFD, while the role of VSS has been ignored. It is worthy 

to point out that as shown in Fig.4D, although peak VSS in Region-1 was significantly higher 

than the one in Region-2, the difference in absolute value was small, and mean VSS in these 

two regions was comparable (Fig.4E). It is due to the small blood pressure difference, 

4.46±2.06 mmHg, between these two regions as the collar deployment only induced a mild 

luminal stenosis in this study. The pressure drop will be apparent when the stenosis is over 

50%39. 

 

The physiological stretch of the vessel wall ranges between 5%-10%. It is beneficial for 

regulating the normal cellular processes such as angiogenesis40,41, cell proliferation42 and 

extracellular matrix (ECM) remodelling43. However high magnitudes of stretches more than 

20% are considered pathological44 that could be induced by increased intramural blood 
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pressure or irregular local geometry. The artery tends to maintain a certain VSS level by 

adjusting its thickness45,46. As shown in Fig.2, elevated VSS increased the wall thickness 

locally and VSS correlated very well with local wall thickness either at the location with plaque 

or free of plaque. The pathological stretch could activate biological pathways. Although 

hypertension is often associated with excessive levels of WSS, it is also equally responsible for 

elevated levels of structural stress, particularly at arterial regions with a highly tortuous shape 

and at bifurcations47. Pathophysiological increases in structural loading are known to cause 

phenotypic adaptations in VSMCs that transform them to dedifferentiated states14,48,49. This 

indicates that, structural loading has the capacity to modulate gene expression, as well as 

various functions of the VSMCs, such as proliferation, survival and ECM remodelling8. 

Abnormal levels of stretch is known to promote expression of inflammatory genes, such as 

inducible nitric oxide synthase (iNOS) by macrophages27,50. Multivariate regression analyses 

demonstrated this relationship that peak VSS was associated significantly with the density of 

CD68 in both Region-1 and Region-2. Pathological stretching is also known to disturb the 

integrity of ECM by activating macrophage cells to produce MMPs such as MMP-1, MMP-3 

and MMP-950–52 that are known to weaken fibrous cap mechanical strength. Considering the 

difference in magnitude (WSS is in the range of 0.001-0.010 kPa and VSS is in the range of 

100-1000 kPa) and the strength of fibrous cap (~200 kPa31), VSS is thought to be more relevant 

with atherosclerotic plaque rupture than WSS53. Lesions in the region with both low WSS and 

high local blood pressure tended to be more vulnerable, while those in the region with low 

WSS only were more stable19. Experiments also demonstrated the role of pathological stretch 

in endothelial dysfunction and cell apoptosis54. It is therefore a need to consider the 

pathological impact of WSS in combination of VSS for a better understanding of 

atherosclerosis initialization and development.  

 

It is in general believed that in animal models persistently lowered WSS appears to be the 

principal flow disturbance needed for the formation of higher risk lesions, e.g., thin cap 

fibroatheroma55, and larger lesions37, whereas the regions of increased WSS were protective37. 

However, the role of WSS in the atherosclerosis development might be more complex than we 

have observed. Results from this study showed that the density of CD68 was associated with 

minimum TAWSS negatively in Region-2, though, marginally and significantly with 

maximum OSI. It has been suggested that in human the low WSS in the distal region of the 

plaque is leading to a stable plaque phenotype, while the regions exposed to high shear stress, 

e.g., in the proximal site, are softer, and high WSS is, therefore, thought to be associated with 
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vulnerable plaque features56. These were supported to a certain degree by a follow-up study 

(20 patients) using the combination of virtual histology intravascular ultrasound (VH-IVUS) 

and CFD57. It was observed that compared with intermediate-WSS, low-WSS segments 

develop greater plaque and necrotic core progression, and high-WSS segments develop greater 

necrotic core and calcium progression, regression of fibrous and fibrofatty tissue, and excessive 

expansive remodelling, suggestive of transformation to a more vulnerable phenotype. 

Furthermore, a very recent 12-month follow-up study (40 patients) using the combination of 

VH-IVUS, CFD and structure-only analysis shown a complex interplay of WSS and VSS in 

the change of plaque size and composition38. Areas with high VSS are associated with 

compositional changes consistent with increased plaque vulnerability and areas with low WSS 

are associated with more plaque growth in areas that progress and less plaque loss in areas that 

regress. These results emphasize the need to consider WSS and VSS in an integrative way for 

the understanding the atherosclerosis.  

 

In addition to WSS, OSI and RRT, other WSS-derived parameters, such as WSS gradient 

(WSSG)58 and wall shear stress angle gradient (WSSAG)59, were proposed to be associated 

with atherosclerosis initialisation and development. However, as summarised in the review7  

that the evidence for the low/oscillatory shear theory is less robust than commonly assumed. 

Further studies and analyses are needed for a better understanding on the mechanisms of 

atherosclerotic diseases. Moreover, as shown in this study and others38, WSS and VSS might 

work in combination to initiate atherosclerosis and promote its development. Matrices 

combining both structure and fluid parameters, e.g., VSS/WSS, VSS×OSI, VSS×RRT, etc., 

could better characterise atherosclerotic diseases. However, the physiological and pathological 

backgrounds of these combined matrices are unclear and required further exploration.  

 

Despite of interesting findings, limitations exist: (1) artery wall was assumed as an isotropic 

material; (2) the residual stress in the wall was not considered as it is not measurable using any 

current non-invasive approach; (3) the blood pressure of each animal was not measured, that 

is, the loading condition was not animal-specific; (4) extracellular fluid flow within the 

structure induced by solid deformation was not considered. However, such a flow should be 

extremely slow due to the tiny extracellular space; (5) the deployment of collar modulated 

mechanical environment acting on the endothelium and within the wall structure in both 

regions and it is therefore impossible to evaluated the pathological impact of WSS and VSS 
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individually; (6) the deployment of collar did not mimic the stenosis induced by the presence 

of carotid atherosclerotic plaque, but created distinct mechanical environments at different 

regions to explore the association between WSS and VSS and atherosclerosis initialization; (7) 

further studies should be performed to explore the combined effect of other aspects, such as 

the density and biofunction of VSMC; (8) haemodynamic parameters and plaque 

histopathologic features as well as their relationship were characterised in region based and the 

extract location matched analysis was not performed; and (9) the flow velocity might change 

over time after the collar deployment. However, in this study PC-MRI was only performed 

once three days after the deployment. The evaluation of effect of flow velocity change on the 

VSS and WSS was, therefore, not possible. 
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Tables and Figures 

Table 1. Final weight and cholesterol level at the end of 16-week high fat diet 

 Control (n=4) Modelled (n=9) p-value 

Weight (kg) 5.04±0.20 4.10±0.31 <0.001 

Total cholesterol (mmol/L) 1.525±0.465 15.833±5.175 <0.001 

LDL (mmol/L) 0.525±0.222 13.100±5.246 <0.001 

HDL (mmol/L) 0.665±0.157 0.962±0.236 0.025 

Triglycerides (mmol/L) 0.675±0.310 1.656±1.654 0.121 

Maximum wall thickness (mm) 0.12 [0.12, 0.13] 0.15 [0.12, 0.23] 0.373 

Mean healthy wall thickness (mm) 0.07 [0.07, 0.07] 0.07 [0.07, 0.09] 1.0 
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Figure 1. Reconstructed 3D geometry based on baseline MR images, images of arteries removed from the animals and corresponding CD68 stain for the 

visualization of tissue inflammation and calculated flow parameters and mechanical loading within the structure (A: schematic drawing showing the collar 

geometry and dimension; B: MR-based 3D geometry reconstruction; C: artery with collar and the corresponding contralateral removed from an animal; D: CD68 

stain showing macrophages in brown; E: calculated time averaged WSS, OSI and RRT; F: Peak VSS and Mean VSS along the artery wall thickness) 
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Figure 2. A representative image showing wall and plaque segmentation (left) and the relationship between wall thickness and local vessel structural stress (peak 

and mean structural stresses; right) (area marked in yellow showing the region with plaque and the one in grey is wall; MWT is the maximum wall thickness and 

mean wall thickness of the healthy section, MTH=( d1+d2+d3+d4+d5)/5).  
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Figure 3. The comparison of plaque morphological and inflammatory features at different location (A: Plaque area ratio (PAR); B: Maximum wall thickness 

(MWT); C: Mean wall thickness of the healthy section (MTH); and D: The density of CD68-positive macrophage)  
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Figure 4. The comparison of mechanical parameters at different location (A: Minimum time averaged wall shear stress (TAWSS); B: Maximum oscillatory shear 

index (OSI); C: Maximum relative residence time (RRT); D: Peak vessel structural stress (VSS) during one cardiac cycle; E: Mean VSS) 
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Supplemental Material 
to Z Teng, et al., Study on the association of wall shear stress and vessel structural stress with atherosclerosis: an experimental animal study  

 

S_Figure 1. In vivo magnetic resonance imaging showing rabbit carotid arteries with and without collar and corresponding blood flow velocity measurements 
(A: MR images showing the anatomic structure in different view plane and  blood velocity [the 1st column is magnitude and phase images from phase contrast 
imaging; the 2nd column is the time of flight image in the coronal view; the last column is the T1-weighted images in the axial view at different locations];  B: the 
blood flow velocity profile derived from phase contrast imaging on the collared side with a 20-ms interval between each frame (the peak velocity was 111.4 cm/s 
for this case); C: the peak blood flow velocity during one cardiac cycle on collared and contralateral sides) 
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S_Figure 2. Representative images showing structural meshes of solid (A) and fluid (B) domains 
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Location-specific multivariate analysis confirmed the significant correlations between VSS, wall thickness, PAR and macrophage density in Region-1 (Table 

S1) and the significant correlations between Max OSI and PAR, MWT and macrophage density in Region-2 (Table S2), after adjusting for other parameters.  

 

Table S1. Multivariate linear regression in Region-1. 

 Intercept Peak VSS Minimum TAWSS Maximum OSI 

PAR -0.91, p=0.15 0.022, p=0.030 -0.0066, p=0.240 120.95, p=0.570 

MWT -0.15, p=0.79 0.012, p=0.040 -0.0099, p=0.290 153.36, p=0.520 

MTH 206, p=0.06 0.0012, p=0.390 -0.00055, p=0.700 27.80, p=0.470 

CD68 -1143, p=0.18 2.88, p=0.046 0.81, p=0.950 5.2×104, p=0.870 

 

Table S2. Multivariate linear regression in Region-2. 

 Intercept Peak VSS Minimum TAWSS Maximum OSI 

PAR -0.75, p=0.19 0.014, p=0.190 -0.0027, p=0.870 0.93, p=0.022 

MWT -0.54, p=0.23 0.012, p=0.180 0.0040, p=0.780 0.72, p=0.036 

MTH -0.038, p=0.84 0.0021, p=0.430 0.0045, p=0.510 0.03, p=0.780 

CD68 -1162.1, p=0.01 26, p=0.045 -31.36, p=0.057 1.4×103, p=0.0004 
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