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a b s t r a c t 

Background and Objective: In this paper we investigate twelve multi-directional/topological wall shear 

stress (WSS) derived metrics and their relationships with the formation of coronary plaques in both com- 

putational fluid dynamics (CFD) and dynamic fluid-structure interaction (FSI) frameworks. While low WSS 

is one of the most established biomechanical markers associated with coronary atherosclerosis progres- 

sion, alone it is limited. Multi-directional and topological WSS derived metrics have been shown to be 

important in atherosclerosis related mechanotransduction and near-wall transport processes. However, 

the relationships between these twelve WSS metrics and the influence of both FSI simulations and coro- 

nary dynamics is understudied. 

Methods: We first investigate the relationships between these twelve WSS derived metrics, stenosis per- 

centage and lesion length through a parametric, transient CFD study. Secondly, we extend the parametric 

study to FSI, both with and without the addition of coronary dynamics, and assess their correlations. Fi- 

nally, we present the case of a patient who underwent invasive coronary angiography and optical coher- 

ence tomography imaging at two time points 18 months apart. Associations between each of the twelve 

WSS derived metrics in CFD, static FSI and dynamic FSI simulations were assessed against areas of posi- 

tive/negative vessel remodelling, and changes in plaque morphology. 

Results: 22–32% stenosis was the threshold beyond which adverse multi-directional/topological WSS re- 

sults. Each metric produced a different relationship with changing stenoses and lesion length. Transient 

haemodynamics was impacted by coronary dynamics, with the topological shear variation index sup- 

pressed by up to 94%. These changes appear more critical at smaller stenosis levels, suggesting coronary 

dynamics could play a role in the earlier stages of atherosclerosis development. In the patient case, both 

dynamics and FSI vs CFD changes altered associations with measured changes in plaque morphology. An 

appendix of the linear fits between the various FSI- and CFD-based simulations is provided to assist in 

scaling CFD-based results to resemble the compliant walled characteristics of FSI more accurately. 

Conclusions: These results highlight the potential for coronary dynamics to alter multi- 

directional/topological WSS metrics which could impact associations with changes in coronary 

atherosclerosis over time. These results warrant further investigation in a wider range of morpho- 

logical settings and longitudinal cohort studies in the future. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Coronary atherosclerosis burdens society through significant 

ortality, morbidity, and economic losses [1] . Despite a decrease 
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n the incidence of acute myocardial infarction (AMI) driven by 

oronary atherosclerosis around the developed world over the past 

wo decades, non-ST-elevation myocardial infarction (NSTEMI) is 

ncreasing [2] . This has important long-term implications for pa- 

ients and the wider healthcare sector as NSTEMI is associated 

ith worsening outcomes and long-term mortality when coupled 

ith multivessel disease (MVD) [3–5] . Optimal treatment options 

or MVD in the setting of NSTEMI are also not well defined, 

nd multivessel revascularisation by percutaneous coronary inter- 
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ention (PCI) remains relatively uncommon in real-world clinical 

ractice [6] . This partly stems from an inability to predict which 

on-culprit lesions in patients with MVD will ultimately cause is- 

haemia through progression and/or destabilisation over time [ 7 , 8 ]. 

o improve patient outcomes there is a need to assist clinicians to 

ore accurately predict which patients and plaques have an in- 

reased likelihood of future ischaemic events [6] . This could as- 

ist with personalised decision making, such as by guiding the use 

f more intensive pharmacotherapy or by guiding the use of non- 

ulprit PCI, to turn the tide on these worsening outcomes. 

Biomechanical simulation has emerged as a useful tool to anal- 

se the unique mechanics that contribute to disease progression 

hroughout the coronary vasculature [9] . Three primary approaches 

overing fluid mechanics and computational fluid dynamics (CFD), 

tructural mechanics (both static and transient) and fully coupled 

uid-structure interaction (FSI) have been applied to study how 

iomechanical markers contribute to atherosclerotic lesion forma- 

ion, progression and destabilisation over time [10] . Of these, wall 

hear stress (WSS) is the most established marker. There exists 

 broad consensus that WSS magnitude associates with the de- 

osition of atherogenic biomarkers and altered mechanotransduc- 

ion, contributing to endothelial cell dysfunction and different sig- 

alling pathways producing inflammatory responses [11–15] . While 

his has led to WSS associating with both lesion progression and 

hanges in plaque composition, WSS magnitude alone has only 

een able to provide incremental improvements to the stratifica- 

ion of patients risks [16–18] . However, the relationship between 

SS and atherogenesis is not straightforward. 

Multi-directional WSS markers are now evolving as potentially 

ore useful in understanding disease progression than WSS mag- 

itude alone. The oscillatory shear index (OSI) is the most estab- 

ished of these markers, quantifying the degree of flow reversal at 

he lumen wall, and has been suggested as a mechanism that con- 

ributes to atherogenic endothelial dysfunction [ 19 , 20 ]. However, 

merging WSS markers can now quantify the directional charac- 

eristics of complex flow conditions in greater detail. Transverse 

SS (TrWSS) and its normalised version, the cross-flow index 

CFI), make use of the lumen surface characteristics to better quan- 

ify this multi-directionality [ 21 , 22 ]. These markers in combination 

ith WSS magnitude have been shown to associate with the de- 

elopment of thin-capped fibroatheroma (TCFA), a high-risk plaque 

henotype, with the speed of lesion development correlated with 

oth low WSS magnitude and high multi-directional WSS [23] . 

imilarly, secondary WSS (WSSsec), the WSS component acting in 

he circumferential direction of the lumen surface, has been shown 

o associate with atheroprotective helical flow properties, allowing 

his multi-directional WSS marker to better present information on 

ntraluminal flow characteristics [ 24 , 25 ]. 

A more recent concept is that of WSS topology, first introduced 

hrough Lagrangian approaches to quantify prominent near-wall 

ow features and species surface transport [26–28] . By leverag- 

ng the near wall features of blood flow to develop a WSS ex- 

osure time metric it was demonstrated that this approach can 

ar more accurately characterise the surface concentrations com- 

uted from advection-diffusion equations than multi-directional 

easures such as relative residence time (RRT) [29] . Furthermore, 

he role of critical/fixed points within the near-wall velocity and 

SS vector field, points indicative of flow separation and impinge- 

ent, have also been linked to surface biochemical transport and 

mpaired endothelial cell function, alignment, and migration [30–

2] . In order to provide a simpler, but mathematically less rigor- 

us method for WSS topology analysis, a Eulerian approach rooted 

n volume contraction theory was proposed to determine WSS di- 

ergence and its topological shear variation index (TSVI); its vari- 

tion over the cardiac cycle [ 33 , 34 ]. The physiological significance 

f these metrics has also recently been demonstrated, with associ- 
2 
tions between WSS divergence contraction/expansion regions and 

orsening outcomes following carotid endarterectomy [ 33 , 35 ] and 

ssociation between amplified TSVI and coronary wall thickening 

ver time [36] . Very recently TSVI was also demonstrated to be 

uperior to WSS magnitude alone in predicting both NSTEMI and 

TEMI at 5-year follow up [37] . However, all these studies still as- 

ume rigid-walled CFD simulations. 

FSI could improve our ability to describe the complex flow 

haracteristics in the coronary vasculature by including the dy- 

amic and compliant properties of the artery wall [38–40] . How- 

ver, the debate between using CFD or FSI simulations in coro- 

ary biomechanics is still ongoing, with arguments for and against 

ach approach often focused on the differences in WSS magni- 

ude [40–42] . To date, no approach has investigated how multi- 

irectional/topological WSS measures are related within and be- 

ween CFD and FSI simulations, nor how coronary dynamics and 

all compliance could impact these relationships and their subse- 

uent associations with changes in the coronary vasculature. Here 

e address these gaps as follows: (1) First, we present a paramet- 

ic study on the effect of stenosis percentage and lesion length 

n twelve multi-directional/topological WSS measures to investi- 

ate their relationships. (2) We then investigate the inter- and in- 

raclass correlations between these WSS metrics in CFD- and FSI- 

ased simulations, extending the application of a number of these 

etrics to FSI simulations for the first time. (3) We extend the FSI- 

ased correlations to study the impact of coronary dynamics on 

hese metrics. (4) Finally, we present a patient-specific case and 

how how discrepancies between varying simulations and their dy- 

amic boundary conditions could impact associations with coro- 

ary atherosclerosis. An appendix of linear correlations is also pro- 

ided which could prove useful in scaling CFD-based results to re- 

emble more closely the compliant-walled characteristics of FSI. 

. Methods 

.1. Idealised, parametric geometry 

An idealised atherosclerotic left anterior descending coronary 

rtery was developed based on the geometry presented in [42] to 

alidate the modelling process and parametrically analyse the 

mpact of stenosis severity, lesion length, FSI simulation and 

rtery dynamics on WSS vector field topology ( Fig. 1 ). These ide- 

lised simulations present a reproducible benchmark for multi- 

irectional/topological metrics and their relationships for future 

omputational and experimental fluid dynamics studies. A fibrous 

ap thickness (FCT) of 50 μm overlying a lipid pool was held con- 

istent in all simulations, while the artery centreline coordinates 

ere varied with stenosis percentage, calculated as the ratio of the 

ifference between the minimum lumen radius and the normal lu- 

en radius (1.5 mm in this case) over the normal lumen radius. 

tenosis percentages from 0 to 54% were studied, using a constant 

esion length of 18 mm as in [42] , as well as lesion lengths rang-

ng from 6 to 18 mm. These are often angiographically visible fac- 

ors which could suggest the need for intervention and associate 

ith the functional severity of the lesion [43–45] and have been 

dentified as important factors in previous fluid dynamics studies 

46–49] . Furthermore, the eccentric nature of the vessel was kept 

onstant due to the added pressure load placed on the proximal re- 

ion (hence suggesting a more vulnerable lesion) [49] . The change 

n lesion length was studied for a constant 43% stenosis, as this 

tenosis percentage has long been suggested as a critical threshold 

or plaque rupture [50] . These morphological parameters are by no 

eans an exhaustive assessment of atherosclerotic lesion anatomy 

nd future studies should investigate a larger range of geometries. 
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Fig. 1. Schematic of the model geometry. (A) Dimensions for the 43% stenosis model shown in mm. (B) Centreline coordinates of the nine different geometries. (C) Render 

of the proposed geometry with inlet and outer fluid regions (highlighted) extended to remove the influence of fluid boundary conditions and the cut-out visualising stenosis 

and plaque. 

Table 1 

Material property coefficients for the orthotropic hyperelastic material model (artery wall). 

a 1 (MPa) a 2 (MPa) a 3 (MPa) b 1 − 3 (MPa) c 1 (MPa) c 2 (MPa) e 1 (MPa) e 2 (MPa) d (MPa −1 ) 

2.63e-2 −1.04e-1 1.22 0 1.10e-1 2.37e1 4.62e-3 8.97 2.00 
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Table 2 

Hyperelastic coefficients for the 3-paramater Mooney-Rivlin 

model (Lipid). 

C 10 (MPa) C 01 (MPa) C 11 (MPa) 

5.01e-3 −1.00e-3 7.00e-2 
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.2. Artery/structural material properties 

The artery wall was modelled as an orthotropic hyperelastic 

tructure while the lipid pool was modelled as a three-parameter, 

sotropic Mooney-Rivlin model, consistent with previous investi- 

ations. The orthotropic hyperelastic strain energy density func- 

ion was applied from ANSYS’ special hyperelasticity functions, de- 

cribed by [51] 

 

(
C̄ , A � A, B � B 

)
= 

3 ∑ 

i =1 

a i 
(
Ī 1 − 3 

)i + 

3 ∑ 

j=1 

b i 
(
Ī 2 − 3 

) j 

+ 

c 1 
2 c 2 

{ 

exp 

[ 
c 2 

(
Ī 4 − 1 

)2 
] 

− 1 

} 

+ 

e 1 
2 e 2 

{ 

exp 

[ 
e 2 

(
Ī 6 − 1 

)2 
] 

− 1 

} 

+ 

1 

d 
( J − 1 ) 

2 
, (1) 

here Ī 1 , 2 , 4 , 6 are invariants of the right Cauchy Green tensor and 

 1 − 3 , b j , c 1,2 , d and e 1,2 are material coefficients derived by fit-

ing against data presented for coronary artery layers in [52] . The 

tted coefficients are highlighted in Table 1 . Note a small amount 

f artificial compressibility was introduced to assist in overcoming 

olumetric locking in the finite element formulation. For simplicity 

n the curve fitting process, we use the principal axial and circum- 

erential directions as the two-fibre directions, described in Eq. (2) , 

nd fitted the radial direction based on the anisotropic model re- 

ults presented in [53] . This assisted in maintaining Drucker sta- 

ility during the nonlinear curve fit and stability under three- 

imensional stress states in the finite element simulations. 

Ar ter y 

{
A = 〈 1 , 0 , 0 〉 
B = 〈 0 , 1 , 0 〉 

}
, (2) 
O

3 
The lipid was modelled as an isotropic, three-parameter 

ooney-Rivlin model [ 54 , 55 ] described by 

 = c 10 ( ̄I 1 − 3) + c 01 ( ̄I 2 − 3) + c 11 ( ̄I 1 − 3)( ̄I 2 − 3) , (3)

here c 10 , c 01 and c 11 are coefficients determined by fitting to ex- 

erimental data from [56] and the compressibility term was omit- 

ed as the lipid is modelled as an incompressible material. The co- 

fficients are outlined in Table 2 . Both the artery and lipid had a 

onstant density of 10 0 0 kg/m 

3 . The material responses are de- 

cribed in Fig. 2 , with the axial and circumferential ranges high- 

ighting the significant variability that is present in the coronary 

asculature. Due to this variability, and our use of tissue proper- 

ies that could be argued as more compliant than atherosclerotic 

issue, results can be considered an upper bound on the variability 

etween CFD and FSI. Further work should consider this impor- 

ant factor and could also investigate how the stiffening of ves- 

els with age/disease change the importance of considering dy- 

amic/coupling factors (i.e., could younger and healthier vessels be 

mpacted more significantly by dynamics and, if so, does this mean 

oronary dynamics is a more significant factor in the develop- 

ental stages of disease?) Furthermore, future simulation capabil- 

ty can be improved with the development of user-programmable 

eatures to extend ANSYS’ capabilities to include Holzapfel-Gasser- 

dgen models which more accurately define fibre orientation [57] . 
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Fig. 2. Stress-strain relationships for the fitted orthotropic hyperelastic artery and 

three-parameter Mooney-Rivlin lipid compared to experimental ranges for both the 

circumferential and axial directions previously presented for the intima layer in the 

literature. 
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.3. Blood/fluid properties 

Blood flow was modelled as a homogenous, incompressible, 

ully developed, unsteady and non-Newtonian fluid. Consistent 

ith accepted assumptions, we apply a no-slip boundary condition 

t vessel walls. However, it should be noted that coronary vessels 

re in fact rough surfaces which could suggest a slip boundary con- 

ition as the most realistic approach [58–60] . The fully developed, 

ransient inlet velocity profile and the characteristic out-of-phase 

ressure outlet are described in Fig. 3 . A fully developed inlet pro- 

le coupled with the extended inlet/outlet regions was deemed 

ufficient as previous studies suggested the inlet flow profile only 

mpacts the very proximal haemodynamics in coronary settings 

 61 , 62 ]. Blood velocity and pressure profiles were adapted from the 

iterature and were characterised by a 20-term Fourier series [63] . 

he higher order Fourier series was used to capture the subtle sec- 

ndary peaks caused by the backward propagating pressure waves 

etween cardiac phases in the coronary vasculature which could 

mpact WSS topology, shown inset in Fig. 3 . Non-Newtonian blood 

iscosity was modelled using the Carreau model, which best cap- 

ures the shear-thinning nature of blood and is described by [64] , 

= μ∞ 

+ (μ0 − μ∞ 

) 
[
1 + (λ ˙ γ ) 

2 
]0 . 5(n −1) 

, (4) 

here μ0 and μꝏ are the zero and infinite shear viscosity limits, re- 

pectively, λ is a time constant, n is the power law coefficient and 

is the fluid strain rate whose coefficients are: μꝏ = 0.056 Pa.s; 

0 = 0.00345 Pa.s; λ = 3.313 s; n = 0.3568 [64] ; and the fluid den-

ity was set to 1050 kg/m 

3 . The k -omega shear stress transport tur-

ulence model was used to capture potential transitional-turbulent 

ecirculation regions downstream of the increasing stenosis and al- 

owed combination of the far-field, free stream independence of 

he k -epsilon model with the accuracy of the near-wall k-omega 

ormulation [65] . This was motivated by previous studies which 

emonstrated that WSS and OSI can vary by more than 10% distal 

o lesions with stenoses levels greater than 50% when using tur- 

ulence modelling [66–69] and is consistent with previous studies 

hat made use of this model to reduce computation cost compared 

o Reynolds stress or Large Eddy simulation models while produc- 

ng a flow environment downstream of a stenosis that more ac- 

urately matched experimental measurements compared to other 

pproaches [70–72] . While other studies also applied turbulence 

odelling, citing stenosis levels and bifurcation related haemody- 

amics, it should be noted that this introduces further assumptions 

o the simulations [ 38 , 73 , 74 ]. As coronary flow can often be de-

cribed as transitional rather than fully turbulent, it is generally 
4 
ccepted that the laminar flow condition in conjunction with an 

ppropriately fine mesh is sufficient to decompose this transitional 

egion. 

.4. Coronary dynamics 

An idealised dynamical profile was developed based on pre- 

ious investigations tracking cardiac motion [ 75 , 76 ]. The profile, 

hown in Fig. 4 , was applied to the artery inlet and outlet, with

 5% axial compression included to capture the unique compres- 

ive effects on the coronary vasculature, which were shown to im- 

act local coronary flow conditions [77] . To assess the impact of 

ynamical direction, the simulation results using the displacement 

rofile were compared to results from the same profile with in- 

erted direction. The coronary centrelines, described in Section 2.1 , 

ere updated at each time step by mapping centreline points to 

odal coordinates in the undeformed condition and then tracking 

he deformation of the associated nodes. This allowed axial and 

econdary WSS to be calculated while including the dynamic in- 

eraction between the artery structure and blood flow. It should be 

oted that this idealised dynamic profile omits other critical fac- 

ors present in normal coronary function, including vessel bend- 

ng, torsion and active contraction of the media layer, of which 

any have been studied previously [78–81] . Here we only study 

he impact of idealised three-dimensional motion and its direc- 

ion, not the impact of dynamic magnitude or variations in the 

ransient profile. Patient-to-patient variations throughout the vas- 

ulature can be significant, with notable differences between the 

ajor epicardial vessels [38] . This makes generalising results from 

his work difficult. This limitation should be considered, with fu- 

ure work needed to investigate how these factors could amplify 

r suppress the results we present. 

.5. Discretisation and numerical scheme 

The numerical models were solved in the commercial software 

NSYS (version 2020R2, Cannonsburg, PA, US), by means of the 

nite element and finite volume methods for the structural and 

uid-based components, respectively. The two-way, transient sim- 

lation was temporally discretised into 6 ms time steps (150 time 

teps per 0.9s cardiac cycle) with up to 12 system coupling it- 

rations allowable per time step, sufficient for convergence. The 

tructural component made use of nonlinear 10-node tetrahedral 

lements with a Lagrangian mixed displacement-hydrostatic pres- 

ure element formulation due to the near incompressibility of the 

rtery and incompressible lipid. Topology between the artery and 

ipid was shared to remove the need to model contact regions. 

 sparse direct solver was used for robustness due to the or- 

hotropic nonlinear simulation properties with a maximum of 50 

llowable structural iterations per system coupling step. The fluid 

omain was discretised with four-node linear tetrahedral elements 

nd an allowable 400 iterations per system coupling step. Second 

rder temporal and spatial discretisation schemes were used for all 

imulations and spring-based dynamic mesh smoothing was ap- 

lied (but not remeshing) to allow the domain to deform while 

aintaining consistent element order and connectivity matrices 

hroughout the simulation. This allowed node based postprocess- 

ng to be carried out (see Section 2.6 - 2.7 ). 

Mesh independence tests were carried out for both domains by 

arying the element size and the minimum allowable number of 

lements across gaps (such as the fibrous cap) in the structural do- 

ain and the wall element size in the fluid domain, as described 

n Table 3 . Variation of less than one percent was considered ac- 

eptable for mesh independence, with the fine mesh chosen for 

ubsequent simulations. The simulation was validated against data 

resented in the literature for a 43% stenosis, with results shown 
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Fig. 3. Blood velocity and pressure profiles. Inset, variations in each profile for increasing number of Fourier series terms, with 20 terms best capturing the secondary 

pressure pulse and velocity fluctuations. 

Fig. 4. Displacement boundary conditions. Transient profiles were also inverted to 

study the effect of displacement direction on topological results. 
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Fig. 5. Validation of the simulation method used in the current study against the 

literature. (A) Principal stress. (B) Wall shear stress. The results show good agree- 

ment. 
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n Fig. 5 and showing good agreement. Discrepancies between re- 

ults were likely caused by our use of a single walled model (rather 

han including two layers) and the use of a different hyperelas- 

ic material model. The use of higher order Fourier series for tran- 

ient boundary conditions also likely contributed to this variation 

ith the cited literature not specifically outlining how their pro- 

les were implemented. 

.6. Multi-directional wall shear stress metrics 

We first describe three established WSS measures, namely the 

ime averaged WSS (TAWSS), oscillatory shear index (OSI) [82] , and 

elative residence time (RRT) [83] , defined in Eq. 5: 

T AW SS = 

1 
T 

∫ T 
0 | τ| dt 

OSI = 0 . 5 

(
1 − | ∫ T 0 τdt | ∫ T 

0 | τ| dt 

)

RRT = 

(
1 
T 

∣∣∣∫ T 0 τdt 

∣∣∣)−1 

⎫ ⎪ ⎪ ⎬ 

⎪ ⎪ ⎭ 

. (5) 
5 
ere, T is the cardiac cycle time (0.9 s in this case), τ is the WSS

ector and t is time. OSI describes the reversal of flow over the car- 

iac cycle and RRT combines both TAWSS and OSI to give a marker 

f near wall stagnation. 

Cross Flow Index and Transverse WSS : The TrWSS [22] , and 

ts normalised version the CFI [21] , can characterise the multi- 

irectional nature of coronary blood flow patterns. These metrics 

ake use of the lumen face normal properties which are updated 
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6

t every time step in FSI simulations due to the deforming sur- 

ace. Hence, to characterise these in FSI simulations, scalar fields 

re first derived based on the instantaneous deformed mesh sur- 

ace and then averaged over the cardiac cycle resulting in TrWSS 

nd CFI being described by 

W SSt r = 

1 
T 

T ∫ 
0 

∣∣∣τ ·
(

n (t ) ×
∫ T 

0 τdt 

| ∫ T 0 τdt | 
)∣∣∣dt 

CF I = 

1 
T 

T ∫ 
0 

∣∣∣ τ
| τ| ·

(
n (t) ×

∫ T 
0 τdt 

| ∫ T 0 τdt | 
)∣∣∣dt 

⎫ ⎪ ⎬ 

⎪ ⎭ 

, (6) 

here n η( t ) is the lumen surface normal at the node associated 

ith WSS vector, τ , at time t . 

Axial and secondary WSS: Axial WSS (WSSax) and secondary 

SS (WSSsec) provide directional properties of the WSS vector 

eld based on the artery geometry [24] . WSSax is the projection of 

he WSS vector field along the artery centreline, C , whilst WSSsec 

s the projection of the WSS vector field along the artery circum- 

erence, Q , calculated using the vector tangent to the artery cen- 

reline, R , that passes through the artery centreline and the lumen 

urface node. As with TrWSS and CFI, the artery properties are up- 

ated at every timestep to account for the deforming surface in 

SI. These are described in Eq. 7. 

W SSax = 

τ·C 
| C | 

C 
| C | 

W SSsc = 

τ·Q 
| Q | 

Q 
| Q | , Q = 

C ×R 
| C | | R | 

}
(7) 

To assess the directional properties of the axial and secondary 

SS measures, independent of WSS magnitude, we also investigate 

he normalised version of each metric by first normalising the WSS 

ector. 

.7. Topological wall shear stress metrics 

The basis of these topological analyses is found in volume con- 

raction theory which has been described for cardiovascular flows 

lsewhere [84] . A key assumption is that the normal component of 

ear-wall velocity tends to zero, allowing the expression of near- 

all velocity in terms of the traction (WSS vector) and blood vis- 

osity. This is possible as the normal near-wall velocity component 

as been demonstrated as second order with respect to tangential 

ear-wall velocity, providing little impact on further calculations 

85] . Furthermore, the most significant component normal to the 

all is time independent, with further transient terms arising as an 

rder of magnitude smaller, further reducing their importance. Un- 

er the assumption of no penetration/flux through the wall, con- 

inuity of normal velocities must be maintained between the fluid 

nd wall. As in CFD simulations the wall is rigid, the near-wall nor- 

al velocity must tend to zero, as mentioned. In deforming FSI do- 

ains, to satisfy continuity, additional normal velocity components 

rise [86] . Throughout the following analyses we assume that these 

omponents are negligible with respect to the tangential compo- 

ents, allowing extension of the Eulerian approach from [33] . This 

s a particularly important consideration that requires mathemat- 

cal investigation moving forward, as areas of very low WSS (and 

ence very low near-wall tangential velocity which are biologically 

elevant in the natural history of atherosclerosis) could be more 

ignificantly impacted by these transient normal terms than areas 

f high near-wall velocity. 

WSS Divergence: The divergence of the normalised WSS vector 

eld, ∇ · τ/ ‖ τ‖ , is analysed by adapting the method proposed in 

33] . Rather than calculating the divergence based on the time av- 

raged wall shear stress (TAWSS) vector field, which is nonsensical 

n FSI analyses due to the deforming mesh, we instead calculate 

he instantaneous scalar divergence field at every timestep with 

espect to current mesh coordinates and then average these scalar 

elds over the cardiac cycle, T , resulting in the time averaged WSS 
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Fig. 6. (A) The two-dimensional vector field coloured by magnitude (every fifth 

vector point is visualised) with stable (attracting) manifold and critical point lo- 

cations highlighted and (B) the divergence of the normalised vector field, which 

encloses the stable manifolds, with critical points also visualised (green and pink 

spheres). The results are in good agreement with the benchmarking proposed in the 

literature, validating the developed post-processing for the linear triangular surface 

mesh. 

A

t

g

i

T

ivergence, 

1 

T 

∫ T 

0 

∇ · τ(p , t) 

‖ 

τ(p , t) ‖ 

dt = 

1 

T 

∫ T 

0 

∇τx (p , t) · ˆ x + ∇τy (p , t) · ˆ y 

+ ∇τx (p , t) · ˆ z dt, (8) 

t a point, p , confined within the mesh face, η, where ˆ x , ˆ y and

  are the cartesian unit vectors; τx , τy and τz are the x, y and z 

omponents of the WSS vector at point p , and time t ∈ [0, T ], cal-

ulated by interpolating across the three mesh nodes on each face 

sing piecewise linear basis functions in barycentric coordinates. 

y differentiating these basis functions and expressing in terms of 

he properties of each triangular face and the normalised WSS vec- 

or components the following is obtained 

∇τx (p , t) = 

(
τx, 1 (t) 

‖ τ1 (t) ‖ 
)

n η (t) ×e 2 , 3 (t) 

2 A η (t) 
+ 

(
τx, 2 (t) 

‖ τ2 (t) ‖ 
)

n η (t) ×e 3 , 1 (t) 

2 A η (t) 
+ 

(
τx, 3 (t) 

‖ τ3 (t) ‖ 
)

n η (t) ×e 1 , 2 (t) 

2 A η (t) 

∇τy (p , t) = 

(
τy, 1 (t) 

‖ τ1 (t) ‖ 
)

n η (t) ×e 2 , 3 (t) 

2 A η (t) 
+ 

(
τy, 2 (t) 

‖ τ2 (t) ‖ 
)

n η (t) ×e 3 , 1 (t) 

2 A η (t) 
+ 

(
τy, 3 (t) 

‖ τ3 (t) ‖ 
)

n η (t) ×e 1 , 2 (t) 

2 A η (t) 

∇τz (p , t) = 

(
τz, 1 (t) 

‖ τ1 (t) ‖ 
)

n η (t) ×e 2 , 3 (t) 

2 A η (t) 
+ 

(
τz, 2 (t) 

‖ τ2 (t) ‖ 
)

n η (t) ×e 3 , 1 (t) 

2 A η (t) 
+ 

(
τz, 3 (t) 

‖ τ3 (t) ‖ 
)

n η (t) ×e 1 , 2 (t) 

2 A η (t) 

⎫ ⎪ ⎪ ⎪ ⎬ 

⎪ ⎪ ⎪ ⎭ 

, 

(9) 

here τ i,j ( t ) is the WSS at time, t , in the i direction on the j th node

f the triangular face, η (linear tetrahedral elements are used re- 

ulting in three nodes per triangular surface face); n η( t ) is the nor-

al to the face η at time t; A η( t ) is the area of the surface face

at time t ; and e p,q ( t ) is the edge of the triangular face between

urface nodes p and q at time t . It should be noted that this ap-

roach is not necessarily equivalent to the method presented in 

33] . As the integral of the scalar divergence is computed using the 

ormalised, instantaneous WSS vector field, by the triangle/integral 

nequality it holds that these two are not always equivalent. More 

mportantly, this inequality is most prominent in areas of flow re- 

ersal, raising a question of the physiological significance of each 

pproach. It should also be noted that by taking the time-average 

f the divergence of the normalised WSS vector field the multi- 

irectional properties of the vector field at each time-step are cap- 

ured. Taking the divergence of the normalised TAWSS vector field, 

s in [33] , omits these subtleties. This has important implications 

or the interpretation of divergence and critical point locations, dis- 

ussed in detail in Appendix A2 . 

The critical points of the normalised WSS vector field were cal- 

ulated using the method proposed in [ 87 , 88 ], where a fixed point

s contained within an element if the three determinants described 

n Eq. (10) all have the same sign. 

det 
[
τxη, τyη, n η

]
det 

[
τyη, τzη, n η

]
det 

[
τzη, τxη, n η

]
⎫ ⎬ 

⎭ 

(10) 

As our computation of the divergence and critical points is car- 

ied out at each time-step, we avoid the paradoxical results ques- 

ioning the role of fixed/critical point locations in the TAWSS vec- 

or field that were previously highlighted in [33] . This is discussed 

urther in Appendix A2 . 

To validate the developed post-processing we compare our 

esults against benchmarking presented in [33] on a two- 

imensional, linear, triangular surface mesh computed via the De- 

aunay triangulation of the set of discrete points, P , where D : 

 x | − 2 ≤ x ≤ 2}and R : { y | − 2 ≤ y ≤ 2} for the vector field, 

˙ x = x − x 3 

3 
− y 

˙ y = x − 2 y 

}
. (11) 

The vector field with stable manifolds and the calculated diver- 

ence of the normalised vector field with critical points is shown 

n Fig. 6 , with excellent agreement to the benchmarking presented 

n [33] . 
7 
Topological shear variation index and critical point residence time: 

s the transient nature of blood flow could lead to variability in 

opological metrics, we also quantify the variation in WSS diver- 

ence over the cardiac cycle using the topological shear variation 

ndex (TSVI) [ 35 , 36 ], described by 

 SV I = 

[
1 

T 

∫ T 

0 

(∇ · τ − ∇ · τ
)2 

dt 

]0 . 5 

. (12) 
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Fig. 7. Validation of convergence over three cardiac cycles. (A) Maximum WSS over the stenosis with the steps used for comparison of WSS divergence (steps 11–150) in 

each cardiac cycle highlighted in orange. (B) Violin plots of WSS divergence attraction and expansion regions for each cardiac cycle. Horizontal lines highlight the 99th 

percentiles which show less than one percent variation between the three cycles demonstrating sufficient convergence. 
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To further quantify how critical points move over the cardiac 

ycle their general residence time was calculated as the time each 

ritical point, x , remains within an element face [ 30 , 33 ] 

P x (η) = 

Ā (t) 

A η(t) 

1 

T 

∫ T 

0 

f ( x, t) , (13) 

here 

f (x, t) = 

{
1 ⇒ x (t) ∈ η
0 ⇒ x (t) / ∈ η

}
. (14) 

Again, noting the time-dependence of the surface mesh area 

haracteristics due to the coupled simulations. Throughout the re- 

ainder of the manuscript, when we refer to critical point lo- 

ations, we refer to their general residence time calculated over 

he cardiac cycle, unless otherwise stated. Finally, to determine the 

umber of cardiac cycles required to fully converge, a 43% stenosis 

imulation was run over three cycles. The maximum transient WSS 

nd time averaged normalised WSS divergence were compared by 

mitting the first 10 timesteps of each cardiac cycle. This is ap- 

roximately the number of steps required to reach dynamic equi- 

ibrium. When removing the first 10 timesteps of each cardiac cy- 

le, less than one percent variation was seen in both the peak WSS 

agnitude and in the topological divergence contraction/extension 

egions ( Fig. 7 ). Hence, one cardiac cycle was deemed sufficient 

or convergence in this case, provided the first 10-time steps were 

mitted. All subsequent simulations were carried out over one car- 

iac cycle with steps 11–150 used for post-processing. All post- 
8 
rocessing was carried out in MATLAB (version 2022a, Mathworks, 

atick, MA). 

.8. Patient-specific application 

Ethics approval for biomechanical simulation was granted from 

he Central Adelaide Local Health Network (CALHN) Research Ser- 

ices (CALHN Reference Number 14179) after the patient was re- 

ruited into the ongoing colchicine for coronary plaque modifi- 

ation in acute coronary syndrome (COCOMO-ACS) randomized- 

ontrolled trial (ACTRN126180 0 0809235; Royal Adelaide Hospital 

REC reference number: HREC/17/RAH/366) [89] . The right coro- 

ary artery (RCA) of a 68-year-old Caucasian male patient who 

resented with an acute NSTEMI in the setting of hypertension, 

ype 2 diabetes mellitus, obstructive sleep apnoea and a body mass 

ndex of 34 was chosen for analysis. The patient had no history 

f smoking and no statin use in the four weeks preceding the in- 

ex admission where invasive coronary angiography (ICA) and op- 

ical coherence tomography (OCT) imaging was performed before 

ollow-up 18 months after the index admission, as per study de- 

ign [89] . Lipid profiling at the index admission identified a to- 

al cholesterol of 3.1 mmol/L (low-density lipoprotein: 1.8 mmol/L, 

igh-density lipoprotein: 0.6 mmol/L), triglycerides of 1.6 mmol/L 

nd high-sensitivity C-reactive protein level of 23 mg/L. Results 

ere then analysed in the context of lesion progression to demon- 

trate their potential to impact clinical understanding of a patients 

omplex biomechanical stress state. 
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Fig. 8. (A) TAWSS contours on the wall region of interest for varying stenosis levels. (B) Unwrapped surface contours to visualise the TAWSS contour downstream of the 

maximum stenosis location. The region highlighted by the dotted white box is the region used to quantitively compare TAWSS values, visualised using violin plots in (C). 

Note the distinct separation of TAWSS kernel densities at 32% stenosis, suggesting a shift to more complex flow patterns. TAWSS – Time-averaged wall shear stress. 
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.9. Patient-specific simulation setup 

The patient specific simulation setup made use of our previ- 

usly published simulation methodology [90] . Briefly, two angio- 

raphic planes had the OCT guidewire manually annotated be- 

ore rotation and projection to determine the three-dimensional 

ntersection curve (i.e. the guidewire location in three-dimensional 

pace). OCT cross sections were then expertly annotated to extract 

ross sections of the lumen, lipid regions and the outer wall, which 

ere subsequently analysed at follow-up to determine changes in 

essel remodelling (i.e. lumen area), lipid arc and FCT (Supple- 

ental Data Fig. S1). The outer wall was estimated in regions 

f high signal attenuation (i.e. in the presence of lipid) by us- 

ng visible regions of the outer elastic membrane to fit an el- 

ipse as an outer wall guide. The cross sections were then recon- 

tructed into a three-dimensional solid model using ANSYS Design- 

odeller. For simplicity, the numerical setup remained unchanged 

rom Section 2.5 , with the one exception of the coronary dynamics. 

atient-specific dynamics were extracted from ICA using an optical 

ow branch tracking method in MATLAB’s computer vision tool- 

ox as previously proposed [38] . The branch was used to deter- 

ine the three-dimensional dynamics of the artery section which 

ere applied as boundary conditions on the structural domain. As 

lready discussed in Section 2.4 , the study of just one dynamical 

rofile from one patient case limits the generalisability of results 

nd should be considered as a preliminary finding that may war- 

ant more rigorous future investigations. 
t

9 
.10. Statistical analyses 

To analyse correlations between FSI and CFD simulation re- 

ults, Pearson’s r correlation coefficient was calculated after ensur- 

ng normal contour data distribution by rank based inverse normal 

ransformation. Linear fits were proposed and evaluated with the 

oefficient of determination ( R 2 ). Locally weighted, non-parametric 

ogistic regression (LOESS) was carried out in the patient-case to 

isualise the relationship between each of the 12 metrics and ves- 

el remodelling (i.e. change in lumen area), change in lipid arc and 

hange in FCT. Welch’s t -test was used to test the null hypothesis 

f no variance in mean values between negative/positive remod- 

lling, increase/decrease in lipid arc and increase/decreased FCT. All 

etrics were evaluated at the 5% significance level. 

. Results 

.1. Stenosis severity and lesion length 

TAWSS was compared with stenosis percentage in the region 

ownstream of the maximum stenosis in each of the six idealised 

odels (0–54% stenosis) which were unwrapped for direct com- 

arison ( Fig. 8 ). Violin plots of the TAWSS distribution highlight a 

ivergence in the kernel densities at 32% stenosis, suggesting the 

ikely transition to complex flow patterns from 22 to 32% steno- 

is. Notably the minimum TAWSS magnitude reaches an inflec- 

ion point in this range, before reaching its minimum value at 43% 
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Fig. 9. (A) The instantaneous ( t = 0.9 s) WSS vector field coloured by magnitude with streamlines (black lines) connecting CP locations (yellow spheres) overlaid with 

the time averaged WSS divergence contour. Inset, variations at peak systolic pressure ( t = 0.36 s), peak diastolic velocity ( t = 0.576 s) and the time corresponding to the 

secondary pressure pulse ( t = 0.468 s). (B) WSS divergence contours downstream from varying stenosis levels. (C) CP location contours downstream from varying stenosis 

levels in logarithmic scale. (D) TSVI contours downstream from varying stenosis levels. (E) Violin plots of the relationship between attracting and expanding WSS regions 

across increasing stenosis levels. Inset, the relationship between 22%, 32% and 43% stenosis normalised against the maximum expanding value to highlight the crossover in 

attracting/expanding zone medians that occurs at 25% stenosis (black arrow). WSS –Wall shear stress. CP – Critical point. TSVI – Topological shear variation index. 
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tenosis while the peak TAWSS magnitude diverges from the min- 

mum and exponentially increases beyond 32%. 

Investigating in more detail, the divergence of the normalised 

SS vector field, its associated critical points, and the TSVI were 

ompared ( Fig. 9 ). Black lines representing the manifolds connect- 

ng the critical points were visualised as yellow spheres ( Fig. 9 a). 

otably, a significant variation over the cardiac cycle is seen, with 

he transition from systolic to diastolic period effectively annulling 
10 
he recirculation regions that are otherwise present, further high- 

ighting the importance of accurately modelling the effects of tran- 

ient pressure pulses that propagate throughout the coronary vas- 

ulature. This also highlights the important factor that a critical 

oint will likely never be a critical point over the entire cardiac 

ycle, due to the significant changes in velocity/pressure profiles 

etween cardiac phases. Unwrapping the WSS divergence, criti- 

al points and the TSVI downstream of the maximum stenosis 
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or comparison, the WSS divergence undergoes a visually signif- 

cant change from 22 to 32% stenosis, with the critical points 

nd TSVI further highlighting this ( Fig. 9 b–d). The TSVI showed 

 strong variability in the WSS divergence as early as 22% steno- 

is, highlighting a potentially significant effect on WSS topology 

hen considering the transient nature of coronary blood flow. Vi- 

lin plots of the contraction and expansion regions in the WSS 

ivergence quantitatively showed 22% stenosis as a critical point 

eyond which WSS divergence was amplified. Shown inset, the 

edian contraction force imbalances the expanding force at 25% 

tenosis, further suggesting this as a critical, flow altering stenosis 

ange ( Fig. 9 e). 

In agreement with WSS divergence, a visually appreciable 

hange in multi-directionality was seen at either 22 or 32% steno- 

is ( Fig. 10 ). Of note, a significant difference was seen between 

rWSS, WSSax and WSSsec and their normalised versions, the 

FI, WS ̂ Saxe and WS ̂ S sec , respectively. This highlighted that multi- 

irectional WSS metrics were heavily influenced by WSS magni- 

ude, suggesting that their normalised versions could be a more 

eaningful metric for studying disease progression that is also in- 

ependent of WSS magnitude alone. The impact of lesion length 

t a constant 43% stenosis is shown in Fig. 11 . The unwrapped 

ontours downstream of the maximum stenosis ( Fig. 11 b–d) show 

hanges following the shortening stenosis. Critical point locations 

how a reduction in motion over the cardiac cycle as the lesion 

ength decreases, leading to an increased residence time. Similarly, 

he TSVI appears to concentrate more closely at the lesion shoul- 

er with a longer, but less significant magnitude, variable flow re- 

ion downstream of the maximum stenosis. This suggests a more 

apid fluctuation in the WSS divergence over the cardiac cycle as 

he lesion length decreases. Quantifying the WSS divergence con- 

raction and expansion regions highlighted the exponentially in- 

reasing strength of the contraction region that diverges from the 

tagnant expansion region magnitude ( Fig. 11 E). 

The remaining eight multi-directional WSS showed similar pat- 

erns, whereby the metrics follow the shortening lesion closely, 

mplifying each multi-directional measures magnitude ( Fig. 12 ). 

he TrWSS showed the most significant change in the re- 

ion immediately downstream of the stenosis which contributed 

o the reducing RRT at the same location. To better quan- 

ify how lesion length and stenosis percentage impacted multi- 

irectional/topological WSS measures, the 90th percentiles and 

ean of each metric were assessed, with comparisons made to 

he minimum, maximum and mean TAWSS magnitudes previously 

iscussed ( Fig. 13 ). For the RRT, TSVI and CFI, a 22% stenosis pre-

ented the first significant changes, while 32% appeared more sig- 

ificant for the OSI and TrWSS. The WSSsec and expanding WSS di- 

ergence components tracked more closely with maximum down- 

tream WSS magnitude and increased most significantly beyond 

3% stenosis. Interestingly, 90th percentile values for CFI, OSI, RRT 

nd TrWSS all decreased beyond 43% stenosis, while the mean CFI 

nd TSVI stabilised in this range. With shortening lesion length, 

FI, TrWSS, OSI, RRT and TSVI all show a decreasing trend while 

he remaining metrics all increased. This quantitatively highlights 

he nonlinearity of the relationship between lesion morphology 

nd multi-directional/topological WSS metrics. 

.2. FSI vs CFD 

Detail on the transient magnitude at three different locations 

ver the lumen surface can be found in Supplemental Data Fig. S2, 

here the difference in peak WSS magnitude between CFD and FSI 

imulations mirrored that of previous investigations [ 40 , 41 ]. How- 

ver, the downstream region saw exponentially increasing differ- 

nces in WSS magnitude not previously discussed. Furthermore, 

he impact of the backward propagating pressure pulse captured 
11 
sing higher order transient velocity and pressure waves resulted 

n significant variability in the transition between systolic to di- 

stolic phases which could exacerbate differences in WSS multi- 

irectionality/topology. 

Detailed comparisons of the intraclass correlation between 

AWSS and each of the remaining 11 metrics within each sim- 

lation (CFD and FSI simulations with varying dynamic bound- 

ry conditions) are made in Table 4 . Interestingly, TrWSS and the 

FI showed a stronger correlation with TAWSS than other multi- 

irectional WSS metrics. Throughout each simulation, WSSsec and 

ts normalised version, WS ̂ S sec , consistently showed no significant 

orrelation with TAWSS, as well as an r value suggestive of a non- 

inear (or no) relationship. While the WSS divergence had a signifi- 

ant relationship, its r value also consistently suggested that its re- 

ationship with TAWSS was weak or nonlinear. The interclass corre- 

ation between CFD and FSI simulations were calculated to analyse 

espective changes in the relationship brought about by differing 

oundary conditions ( Table 5 ). Complete intra- and interclass cor- 

elations are presented in Supplemental Data Tables S1–6. These 

esults highlight that most results showed strong correlations be- 

ween CFD and FSI simulations despite dynamic boundary con- 

ition changes. TrWSS, CFI, WSSsec, WS ̂ S sec and WSS divergence 

ere the exceptions, with greater than 10% change in r values in 

3% stenosis models. 

We therefore investigated their relationships in more detail. 

omparisons between all 12 WSS metrics in FSI and CFD simu- 

ations at 22 and 43% stenosis, as well as at 43% stenosis with a 

0 mm lesion length, are shown in Fig. 14 and 15 . The strong lin-

ar relationship between TAWSS in CFD and FSI simulations con- 

rms previous results showing the systematic reduction in TAWSS 

ue to the compliant artery wall. The impact of coronary dynamics 

as only marginally visible in the 43% stenosis simulation (18 mm 

esion length), producing a further reduction in TAWSS magnitude 

cross the lumen wall. Multi-directional metrics saw a much more 

ignificant change. TrWSS and CFI showed significant variability 

ith both added dynamics and dynamic direction, with the inclu- 

ion of lumen wall geometrical properties (i.e. using the surface 

ormal in their calculation) producing significant variability due to 

he compliance introduced in FSI simulations. Similarly, the corre- 

ations shown in Fig. 15 highlighted that the relationship between 

FD and FSI simulations are not straightforward, while the addi- 

ion of dynamics further modifies this relationship. The TSVI was 

uppressed by 94% at 22% stenosis, while no significant variation 

ppeared at a more significant 43% stenosis ( Fig. 16 ). Unwrapped 

ontours of each of the topological WSS metrics in all FSI simula- 

ions can be found in Supplemental Data Figs. S3 and S4 for further 

isualisation. 

.3. Patient-specific case 

TAWSS differences between the dynamic FSI and CFD simu- 

ations highlighted that TAWSS is reduced in the FSI simulation 

redominantly in the cross-sectional regions that undergo moder- 

te to high TAWSS in the CFD simulation (Supplemental Data Fig. 

5). The scatter plot further shows differences between the sim- 

lations, with a linear correlation that is weaker than any of the 

dealised simulations presented in Section 3 , albeit a relationship 

hat is still significant. The intraclass correlation coefficients be- 

ween TAWSS and each topological WSS metric in the three simu- 

ations are presented in Table 6 . TrWSS, CFI, WSSsec, WS ̂ S sec and

SS divergence showed a weak linear relationship suggesting ei- 

her nonlinearity or other influences impacting the relationship 

ith TAWSS. Interestingly, the interclass correlation coefficients 

 Table 7 ) all show strongly linear and significant ( p < 0.001) rela-

ionships between both FSI simulations and CFD. Complete intra- 
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Fig. 10. Unwrapped contours of varying stenosis levels downstream of the maximum stenosis location for: OSI – Oscillatory shear index; RRT – Relative residence time; Tr 

WSS – Transverse wall shear stress; CFI – Cross flow index; WSSax – Axial wall shear stress; WS ̂ Saxe – Normalised axial wall shear stress; WSSsec – Secondary wall shear 

stress; WS ̂ S sec – Normalised secondary wall shear stress. 

12 
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Table 4 

Intraclass correlation coefficients (r; p-value) between TAWSS and WSS metrics within CFD and FSI simulations, but with varying dynamic boundary conditions imposed on the FSI simulations. Bold values highlight relationships 

that are not significant ( p > 0.05). Highlighted cells show relationships that have a weak correlation coefficient ( −0.5 < r < 0.5), suggesting outside influences or nonlinearity of the relationship. Complete intraclass correlation 

coefficients for 22% and 43% stenosis simulations are available in Supplemental Data, Table S1-3. CFD – Computational fluid dynamics; CFI – Cross flow index; CP – Critical point residence time; D – Dynamic; Div – Wall shear 

stress Divergence; FSI – Fluid-structure interaction; ID – Inverse dynamics; OSI – Oscillatory shear index; RRT – Relative residence time; S – Static (no motion); TAWSS – Time averaged wall shear stress; TrWSS – Transverse 

wall shear stress; TSVI – Topological shear variation index; WSSax – Axial wall shear stress; WS ̂ Saxe – Normalised axial wall shear stress; WS ̂ Ssec – Normalised secondary wall shear stress; WSSsec – Secondary wall shear 

stress. 

OSI RRT TrWSS CFI WSSax WS ̂ Saxe WSSsec WS ̂ Ssec Div TSVI CP 

TAWSS 22% 

stenosis 

18 mm 

lesion 

CFD −0.71; 

p < 0.001 

−1.0; 

p < 0.001 

−0.14; 

p < 0.001 

−0.39; 

p < 0.001 

1.0; 

p < 0.001 

0.75; 

p < 0.001 

−0.00010; 

p = 0.98 

−0.0011; 

p = 0.77 

0.044; 

p < 0.001 

−0.75; 

p < 0.001 

−0.0032; 

p = 0.39 

FSI-S −0.83; 

p < 0.001 

−1.0; 

p < 0.001 

−0.45; 

p < 0.001 

−0.56; 

p < 0.001 

1.0; 

p < 0.001 

0.91; 

p < 0.001 

0.00089; 

p = 0.81 

−0.00046; 

p = 0.9 

0.10; 

p < 0.001 

−0.74; 

p < 0.001 

−0.018; 

p < 0.001 

FSI-D −0.66; 

p < 0.001 

−1.0; 

p < 0.001 

−0.51; 

p < 0.001 

−0.38; 

p < 0.001 

1.0; 

p < 0.001 

0.44; 

p < 0.001 

0.0011; 

p = 0.76 

0.00025; 

p = 0.95 

0.062; 

p < 0.001 

−0.78; 

p < 0.001 

−0.019; 

p < 0.001 

FSI-ID −0.70; 

p < 0.001 

−1.0; 

p < 0.001 

−0.52; 

p < 0.001 

−0.51; 

p < 0.001 

1.0; 

p < 0.001 

0.43; 

p < 0.001 

0.00089; 

p = 0.81 

−0.0010; 

p = 0.78 

0.063; 

p < 0.001 

−0.84; 

p < 0.001 

−0.016; 

p < 0.001 

43% 

stenosis 

18 mm 

lesion 

CFD −0.86; 

p < 0.001 

−0.98; 

p < 0.001 

−0.48; 

p < 0.001 

−0.73; 

p < 0.001 

0.85; 

p < 0.001 

0.76; 

p < 0.001 

0.0012; 

p = 0.75 

−0.00070; 

p = 0.85 

0.22; 

p < 0.001 

−0.85; 

p < 0.001 

−0.20; 

p < 0.001 

FSI-S −0.90; 

p < 0.001 

−0.97; 

p < 0.001 

−0.58; 

p < 0.001 

−0.76; 

p < 0.001 

0.85; 

p < 0.001 

0.81; 

p < 0.001 

0.00086; 

p = 0.81 

0.0046; 

p = 0.21 

0.13; 

p < 0.001 

−0.82; 

p < 0.001 

−0.21; 

p < 0.001 

FSI-D −0.89; 

p < 0.001 

−0.97; 

p < 0.001 

−0.57; 

p < 0.001 

−0.75; 

p < 0.001 

0.85; 

p < 0.001 

0.81; 

p < 0.001 

0.0061; 

p = 0.098 

−0.00063; 

p = 0.86 

0.27; 

p < 0.001 

−0.82; 

p < 0.001 

−0.20; 

p < 0.001 

FSI-ID −0.89; 

p < 0.001 

−0.97; 

p < 0.001 

−0.61; 

p < 0.001 

−0.76; 

p < 0.001 

0.86; 

p < 0.001 

0.82; 

p < 0.001 

0.0035; 

p = 0.34 

0.0031; 

p = 0.39 

0.28; 

p < 0.001 

−0.83; 

p < 0.001 

−0.19; 

p < 0.001 

43% 

stenosis 

10 mm 

lesion 

CFD −0.86; 

p < 0.001 

−0.98; 

p < 0.001 

−0.14; 

p < 0.001 

−0.65; 

p < 0.001 

0.71; 

p < 0.001 

0.67; 

p < 0.001 

−0.0015; 

p = 0.67 

−0.0016; 

p = 0.65 

0.17; 

p < 0.001 

−0.77; 

p < 0.001 

−0.14; 

p < 0.001 

FSI-S −0.81; 

p < 0.001 

−0.97; 

p < 0.001 

−0.15; 

p < 0.001 

−0.60; 

p < 0.001 

0.73; 

p < 0.001 

0.71; 

p < 0.001 

−0.00049; 

p = 0.89 

0.0012; 

p = 0.75 

0.27; 

p < 0.001 

−0.73; 

p < 0.001 

−0.18; 

p < 0.001 

FSI-D −0.83; 

p < 0.001 

−0.98; 

p < 0.001 

−0.13; 

p < 0.001 

−0.59; 

p < 0.001 

0.72; 

p < 0.001 

0.70; 

p < 0.001 

−0.00022; 

p = 0.95 

0.0011; 

p = 0.76 

0.30; 

p < 0.001 

−0.75; 

p < 0.001 

−0.18; 

p < 0.001 

1
3
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Fig. 11. TAWSS and associated normalised WSS vector field divergence results at 43% stenosis with decreasing lesion length. (A) TAWSS contours on the idealised geometries. 

(B) Unwrapped contours of the normalised WSS vector field divergence downstream of the maximum stenosis. (C) Unwrapped contours of the critical point (CP) residence 

time potted with logarithmic scale. (D) TSVI highlighting the variation in the WSS divergence over the cardiac cycle. (E) Violin plots of the attracting and expanding regions 

of the WSS divergence highlighting the divergence between the two regions as lesion length decreases. 
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nd interclass correlation coefficients are available in the Supple- 

ental Data Tables S7 and S8. 

The exceptions were OSI and TrWSS, whose relationships are 

resented in more detail in Supplemental Data Figs. S6 and S7. Of 

ote, the variation in TrWSS between CFD and the static and dy- 

amic FSI analyses was the most significant variation seen. These 

hanges are attributable to the use of the lumen wall normal vec- 

or in the calculation of TrWSS and CFI, a factor which is signifi- 

antly impacted by the wall compliance and motion in FSI. Extend- 
14 
ng these comparisons, the relationships between axial and sec- 

ndary WSS measures are shown in Supplemental Data Figs. S8 

nd S9. In both cases, the normalised versions (i.e. independent 

f WSS magnitude) showed variation with the addition of coro- 

ary dynamics. The WS ̂ S sec saw a 700% decrease in magnitude 

ompared to CFD in the more proximal region, however, their R 

2 

oefficients remained similar, suggesting that dynamics homoge- 

eously altered their multi-directionality. The WSS divergence and 

ts transient metric, the TSVI, are also presented in Supplemental 
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Table 5 

Interclass correlation coefficients (r; p-value) between WSS derived metrics in CFD and FSI simulations, but with varying dynamic boundary conditions imposed on the FSI simulations. Coefficients are compared at 0%, 22% 

and 43% stenosis as well as 18 mm and 10 mm lesion length. Bold values show significant ( > 10%) change in correlation coefficient with varied boundary conditions. Complete interclass correlation coefficients for 22% and 43% 

stenosis simulations are available in Supplemental Data, Table S4-6. S – Static (no motion); D – Dynamic; ID – Inverse dynamics; Other abbreviations as in Table 4 . 

WSS derived metric (CFD) 

TAWSS OSI RRT TrWSS CFI WSSax WS ̂ Saxe WSSsec WS ̂ Ssec Div TSVI CP 

FSI 

(stenosis; 

lesion 

length; 

boundary 

condition) 

22%; 18 mm; S 0.93; p < 0.001 0.90; p < 0.001 0.93; p < 0.001 0.90; p < 0.001 0.73; p < 0.001 0.93; p < 0.001 0.85; p < 0.001 0.93; p < 0.001 0.74; p < 0.001 0.56; p < 0.001 0.67; p < 0.001 −6.8e-05; p = 0.99 

22%; 18 mm; D 0.94; p < 0.001 0.84; p < 0.001 0.94; p < 0.001 0.86; p < 0.001 0.73; p < 0.001 0.94; p < 0.001 0.58; p < 0.001 0.93; p < 0.001 0.77; p < 0.001 0.58; p < 0.001 0.70; p < 0.001 −4.5e-05; p = 0.99 

22%; 18 mm; ID 0.94; p < 0.001 0.85; p < 0.001 0.94; p < 0.001 0.84; p < 0.001 0.73; p < 0.001 0.94; p < 0.001 0.46; p < 0.001 0.91; p < 0.001 0.80; p < 0.001 0.58; p < 0.001 0.73; p < 0.001 −3.0e-05; p = 0.99 

43%; 18 mm; S 0.95; p < 0.001 0.91; p < 0.001 0.95; p < 0.001 0.55; p < 0.001 0.69; p < 0.001 0.99; p < 0.001 0.93; p < 0.001 0.63; p < 0.001 0.36; p < 0.001 0.36; p < 0.001 0.86; p < 0.001 0.11; p < 0.001 

43%; 18 mm; D 0.95; p < 0.001 0.95; p < 0.001 0.96; p < 0.001 0.63; p < 0.001 0.78; p < 0.001 0.99; p < 0.001 0.93; p < 0.001 0.71; p < 0.001 0.59; p < 0.001 0.56; p < 0.001 0.89; p < 0.001 0.089; p < 0.001 

43%; 18 mm; ID 0.95; p < 0.001 0.95; p < 0.001 0.96; p < 0.001 0.65; p < 0.001 0.79; p < 0.001 0.99; p < 0.001 0.94; p < 0.001 0.71; p < 0.001 0.60; p < 0.001 0.60; p < 0.001 0.91; p < 0.001 0.093; p < 0.001 

43%; 10 mm; S 0.94; p < 0.001 0.94; p < 0.001 0.93; p < 0.001 0.76; p < 0.001 0.76; p < 0.001 0.99; p < 0.001 0.96; p < 0.001 0.87; p < 0.001 0.96; p < 0.001 0.73; p < 0.001 0.89; p < 0.001 0.16; p < 0.001 

43%; 10 mm; D 0.94; p < 0.001 0.94; p < 0.001 0.93; p < 0.001 0.78; p < 0.001 0.78; p < 0.001 0.99; p < 0.001 0.97; p < 0.001 0.86; p < 0.001 0.95; p < 0.001 0.74; p < 0.001 0.90; p < 0.001 0.16; p < 0.001 

1
5
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Fig. 13. Comparison of the 90th percentiles (A, B) and mean values (C, D) downstream of the stenosis. Values are normalised against each metrics maximum value to 

highlight their relationship with stenosis severity (A, C) and lesion length (B, D). 
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ata Fig. S10. Subtle differences can be seen in the unwrapped 

SS divergence contours, particularly in the more proximal region 

hat undergoes the first expansion in lumen area (in the same re- 

ion of altered WS ̂ S sec ). This region sees both a significant increase

nd decrease in WSS divergence magnitude that results in signifi- 

ant TSVI variability. Both the WSS divergence and TSVI present a 

eakly linear relationship between FSI and CFD simulations, with 

ariability in the linear slope with the added dynamic boundary 

ondition. 

To determine if these variations were significant enough to al- 

er the ability to associate WSS results with vasculature changes a 

wo-fold approach was undertaken. Results from these associations 

ith the measured change in lumen area (i.e. identifying vessel re- 

odelling) is highlighted in Fig. 17 . Associations with changes in 

ipid plaque morphology are presented in Supplemental Data Figs. 

11 and S12. Here the outer ring describes the LOESS fits while 

he inner ring shows the associated t -test, with a larger value sug- 

esting a stronger variation between means, and R 

2 results to vi- 

ualise the strength of each metrics association with vasculature 

hanges and how they vary between the three simulations. The 

trength of the association between TAWSS and negative (red ar- 

ows) and positive (green arrows) remodelling was decreased in 

SI simulation due to the areas of high WSS being reduced due to 

he compliance of the wall. The rings in the inner plot showcased 

he TAWSS t -test result for comparison with the remaining eleven 

etrics. Of note, TrWSS and CFI showed the strongest associations 

ith vessel remodelling in CFD simulations. However, these asso- 

iations were significantly damped in both static and dynamic FSI, 

here OSI and WS ̂ Sax showed the strongest associations. Inter- 

stingly, the normalised components of WSSax and WSSsec (black 

rrows) both showed stronger associations with remodelling that 

heir counterparts which included WSS magnitude (purple arrows). 

urthermore, the TSVI showed an association with vessel remod- 

lling that was equally as strong as TAWSS, highlighting the im- 

l

16 
ortance of the transient nature of flow in modulating changes in 

he vasculature. 

Unlike vessel remodelling, there appears no significant change 

n the strength of associations between TAWSS in CFD and FSI sim- 

lations for lipid arc changes (Supplemental Data Fig. S11). Like 

essel remodelling, TrWSS and CFI showed stronger associations 

etween increasing and decreasing lipid arc, while the normalised 

xial and secondary WSS components showed stronger differentia- 

ion in the dynamic FSI simulation. Fibrous cap thickness changes 

ere most strongly associated with OSI and normalised axial WSS 

n CFD simulations (Supplemental Data Fig. S12). This held true in 

oth FSI simulations, with the addition of secondary WSS and RRT 

roviding similar associations. TSVI also presented an association 

s strong as TAWSS, although both FSI simulations resulted in a 

ignificant reduction in the differences in means between thinning 

nd thickening fibrous cap locations. The R 

2 coefficient for all met- 

ics varied significantly between CFD, static FSI and dynamic FSI, 

ighlighting how wall compliance and coronary dynamics could 

mpact associations between WSS metrics and vasculature changes. 

. Discussion 

These results show that the influence of coronary dynamics ap- 

ears most substantial in lesions with less ‘significant’ morphologi- 

al variability. In other words, lesions with more severe stenosis or 

hanges in the geometry appear to be less impacted by coronary 

ynamics while in the presence of strong geometric nonlinearities, 

imulations with and without coronary dynamics produce compa- 

able WSS topological results. In less severe artery stenoses these 

ulti-directional/topological results vary more significantly. This 

ould have important implications for assessing the early stages 

f atherosclerosis development (or non-culprit lesions) before sig- 

ificant, flow limiting stenosis is reached, a point previously high- 

ighted in Section 2.2 . This also brings up an intriguing consider- 
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Fig. 14. Comparison of TAWSS, OSI, RRT, TrWSS and CFI contour data at 22% stenosis (18 mm lesion length), 43% stenosis (18 mm lesion length) and 43% stenosis (10 mm 

lesion length) shown by each of the three columns, respectively. The impact of different simulations (FSI vs CFD) and boundary conditions can be seen in TrWSS and CFI 

which both make use of the wall geometrical properties in their calculation. CFD – Computational fluid dynamics; CFI – Cross flow index; FSI – Fluid-structure interaction; 

OSI – Oscillatory shear index; RRT – Relative residence time; TAWSS – Time averaged wall shear stress; Tr WSS – Transverse wall shear stress. 

17 
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Fig. 15. Comparison of WSSax, WS ̂ Saxe, WSSsec, WS ̂ Ssec, WSS divergence and TSVI contour data between CFD and FSI simulations with varying boundary conditions at 

22% stenosis (18 mm lesion length), 43% stenosis (18 mm lesion length) and 43% stenosis (10 mm lesion length) shown by each of the three columns, respectively. CFD –

Computational fluid dynamics; FSI – Fluid-structure interaction; WSSax – Axial wall shear stress; WS ̂ Saxe – Normalised axial wall shear stress; WSSsec – Secondary wall 

shear stress; WS ̂ S sec – Normalised secondary wall shear stress; Div – WSS divergence; TSVI – Topological shear variation index. 

18
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Table 6 

Intraclass correlation coefficients (r; p-value) between TAWSS and other WSS metrics in patient specific CFD, static FSI (FSI-S) and dynamic FSI (FSI-D) simulations. Bold values highlight relationships that are not significant 

( p > 0.05). Highlighted cells show relationships that have a weak correlation coefficient ( −0.5 < r < 0.5), suggesting outside influences or nonlinearity of the relationship. Abbreviations as in Table 4 and 5 . 

OSI RRT TrWSS CFI WSSax WS ̂ Saxe WSSsec WS ̂ Ssec Div TSVI CP 

TAWSS CFD −0.78; p < 0.001 −0.98; p < 0.001 −0.087; p < 0.001 −0.19; p < 0.001 0.99; p < 0.001 0.71; p < 0.001 −0.11; p < 0.001 0.0010; p = 0.95 −0.030; p = 0.097 −0.69; p < 0.001 −0.047; p < 0.01 

FSI-S −0.79; p < 0.001 −0.97; p < 0.001 −0.18; p < 0.001 −0.22; p < 0.001 0.99; p < 0.001 0.70; p < 0.001 −0.069; p < 0.001 0.10; p < 0.001 0.040; p = 0.024 −0.73; p < 0.001 −0.15; p < 0.001 

FSI-D −0.80; p < 0.001 −0.98; p < 0.001 −0.27; p < 0.001 −0.28; p < 0.001 0.99; p < 0.001 0.73; p < 0.001 −0.11; p < 0.001 0.14; p < 0.001 0.13; p < 0.001 −0.70; p < 0.001 −0.16; p < 0.001 

Table 7 

Interclass correlation coefficients (r; p-value) between WSS derived metrics in CFD, static FSI (FSI-S) and dynamic FSI (FSI-D) simulations. Bold values show significant ( > 10%) change in correlation coefficient with varied FSI 

boundary conditions. Abbreviations as in Table 4 and 5 . 

WSS derived metric (CFD) 

TAWSS OSI RRT TrWSS CFI WSSax WS ̂ Saxe WSSsec WS ̂ Ssec Div TSVI CP 

FSI-S 0.89; p < 0.001 0.87; p < 0.001 0.88; p < 0.001 0.79; p < 0.001 0.60; p < 0.001 0.89; p < 0.001 0.89; p < 0.001 0.91; p < 0.001 0.91; p < 0.001 0.80; p < 0.001 0.80; p < 0.001 0.21; p < 0.001 

FSI-D 0.88; p < 0.001 0.76; p < 0.001 0.87; p < 0.001 0.47; p < 0.001 0.56; p < 0.001 0.88; p < 0.001 0.87; p < 0.001 0.86; p < 0.001 0.86; p < 0.001 0.74; p < 0.001 0.74; p < 0.001 0.16; p < 0.001 

1
9
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Fig. 16. TSVI at 22% stenosis (A) and 43% stenosis (B). Dynamic boundary condi- 

tions play a significant role at in smaller stenosis, reducing the 99th percentile by 

94%. Violin plots are normalised against the static simulation maximums for visu- 

alisation purposes. S – Static FSI; D – Dynamic FSI; ID – Inverse Dynamic FSI. 
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Fig. 17. Association between the twelve WSS-based metrics and vessel remod- 

elling, measured as the change in lumen area. Outer ring: Locally weighted, non- 

parametric logistic regression (LOESS) plots with 95% confidence intervals for each 

of the three simulations against vessel remodelling, where the red arrows show re- 

ducing lumen area (negative remodelling) and the green arrows show increasing 

lumen area (positive remodelling). Inner ring: Welch’s t -test results, describing the 

strength of the difference between mean values in areas of positive and negative re- 

modelling. The baseline result for TAWSS is plotted as a ring for comparison. Linear 

correlation coefficients (R 2 ) are shown to demonstrate how the relationship changes 

with differing simulations. 
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tion given non-atherosclerotic (and younger) vessels are signifi- 

antly more compliant than diseased ones, potentially exacerbat- 

ng the impact of dynamics and FSI couplings. While this is by no 

eans concrete evidence for the role of dynamics in the devel- 

pmental stages of diseases, is does warrant further investigation 

n the future. However, we did not vary the displacement mag- 

itude nor the gradient of dynamic changes in this study, which 

ould exacerbate the changes we presented here. From our results 

e hypothesise that larger dynamical magnitudes and gradients 

ill alter WSS topology more significantly, potentially amplifying 

he associations with vessel remodelling and lesion changes. Fu- 

ure studies could investigate these changes to determine if there 

s a critical point beyond which these dynamic effects may be 

ompounded. Furthermore, we did not assess the impact of coro- 

ary bending/torsion or variations in the overall rigid-body dis- 

lacement profile. Our idealised models also varied only two ge- 

metrical factors: stenosis severity and lesion length. These fac- 

ors can vary significantly between patients, limiting the general- 

sability of our results and warrant more detailed future investi- 

ations. It appears likely that these factors will increase the ef- 
20 
ective stenosis level of some lesions, potentially amplifying the 

ulti-directional/topological effect of only mild lesions, resulting 

n marked changes in WSS topology which require further investi- 

ation. 

We also raised in the methodology our assumption that normal 

ear-wall velocity components introduced through the FSI cou- 

ling and dynamics are sufficiently small as to not impact di- 

ergence calculations. This assumption is unproven but based on 

nowledge that the normal near-wall velocity component has been 

emonstrated as much smaller than tangential components and 

an therefore be assumed as negligible. This also leads to further 

ommonly held assumptions that do not necessarily hold in bio- 

ogical simulations, namely, the no-slip condition at the fluid-solid 

nterface (i.e. a sufficiently smooth wall), in conjunction with no 

all penetration/transport and a continuous fluid [ 26 , 91 ]. In reality 

he vessel wall is a rough surface due to small grooves in the cel- 

ular substrate and blood is not continuous as it contains discrete 

onstituents (red blood cells etc.) suspended in plasma which can 

enetrate the vessel walls [12] , of which the blood-wall coupling 

as been suggested to impact [92] . It has already been shown that 

he surface roughness of blood vessels impacts WSS and the micro- 

cale, with larger WSS variability than smooth walls [93] . When 

lso considering slip is an important factor in rough walled mod- 

ls, and is dependant on both shear and normal stress, this draws 

nto question the expansion of near-wall velocity from the shear 

tress vector alone, the backbone of the presented topological cal- 

ulations, which also requires further rigorous mathematical inves- 

igation [ 86 , 94 ]. This also raises the need for further experimen-

al microfluidic investigations that can culture cellular substrates 

n controlled flow conditions to better validate mathematical mod- 

ls and understand the biological significance of each of the multi- 
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irectional/topological metrics assessed throughout this work. This 

s particularly relevant to the results from Fig. 9 a and Appendix A2 ,

elating to the critical point locations over the cardiac cycle. If a 

ritical point location is always a critical point throughout the car- 

iac cycle, then multidirectional metrics such as OSI have no phys- 

cal meaning, which calls into question their biological relevance 

33] . 

This investigation also focused substantially on time averaged 

easures (except for the TSVI and CP residence time). The results 

rom the idealised simulations showed that while time averaged 

SS divergence did not see significant changes, the TSVI could 

e altered by coronary dynamics. This highlights the importance 

f investigating the transient nature of coronary flow in tandem 

ith coronary dynamics. We strongly suggest that variation in- 

ices be developed for other multi-directional/topological and in- 

raluminal flow markers to understand how they vary over each 

ardiac cycle. The transient nature of coronary flow under varying 

lood velocity and pressure profiles could also be further explored, 

ith the prevalence of the backward propagating pressure pulses 

n the coronary vasculature showing potentially important impacts 

n these results. 

Our numerical setup was also limited to a single layered, or- 

hotropic hyperelastic material model which used the principal ax- 

al and circumferential directions for fibre orientation. Future stud- 

es could make use of the more complete anisotropic models pre- 

ented in [ 57 , 95 ], as well as multiple artery layers and differing

roperties for the lesion’s fibrous cap, whose stiffness could be 

ignificantly greater than what we presented in this work. This is 

n important consideration for interpreting our results, as a stiffer 

all could be considered to act more closely to the rigid-walled 

FD simulations, suggesting our results and their interpretations as 

n upper bound on potential differences. The idealised geometry 

sed to parametrically study dynamic effects could be expanded 

o include artery taper, curvature and bifurcation regions to deter- 

ine how dynamics and fully-coupled FSI could affect WSS topol- 

gy in a wider range of morphological settings [96] . Such investi- 

ations could also make use of laminar flow conditions to prevent 

he inclusion of the additional assumptions brought on with the 

eynolds-averaged Navier Stokes equations, a limitation in the cur- 

ent study. Furthermore, studies have suggested that stenosis per- 

entage alone is insufficient to quantify risks to coronary plaque, 

ith irregular lumen surfaces, stenosis aspect ratio, eccentricity 

nd pulsatile flow all impacting risk factors [ 49 , 97–99 ]. Hence, fur-

her studies are encouraged to quantify how the relationships pre- 

ented in this work may vary under changes in these factors. 

The patient-specific simulations were also limited through their 

se of the same numerical setup as the parametric study. While 

rtery properties cannot currently be determined in vivo , future 

tudies must focus on developing pathways to tailor these prop- 

rties to better resemble patient conditions. Furthermore, the 

elocity and pressure profiles were the same in both the pa- 

ient and idealised cases. Future work must apply patient-specific 

ow conditions to accurately model patient-specific WSS multi- 

irectional/topological [100] . Our geometry reconstruction was a 

redominantly manual process subject to interobserver variability. 

urther work must be undertaken to automate this process for a 

obust and repeatable reconstruction that can also consider branch 

egions which have already been shown to significantly impact 

SS results [ 101 , 102 ]. Another limitation, for simplicity, was that 

e only assessed differences in WSS metrics in regions that saw ei- 

her an increase or decrease in each respective morphological fac- 

or (lumen area, lipid arc, fibrous cap thickness). Further work is 

equired to determine if the changes we presented here are con- 

istent across varying degrees of remodelling and plaque composi- 

ion variations. Finally, our focus has been on twelve WSS metrics 

ut did not include Lagrangian approaches, such as the WSS ex- 
21 
osure time presented in [29] , due to the added computation cost 

f seeding tracers on a sufficiently fine mesh and computing over 

ultiple cardiac cycles. Our future studies will look to include this 

pproach with FSI simulations while addressing the relationships 

ith the twelve WSS metrics assessed here. 

Our patient-specific simulations are also limited to only one ex- 

mple patient model, preventing results from being generalised. 

here is a clear need to determine if these changes between 

FD- and FSI-based studies hold for larger, longitudinal cohort 

tudies and how these approaches may alter our ability to pre- 

ict changes in the coronary vasculature. This raises the issue 

f clinical translation, which requires threshold values for multi- 

irectional/topological WSS metrics to be applied in clinical deci- 

ion making, something recent topological studies begin to present 

 36 , 37 ]. For such computations to take place, near-real time re- 

ults are required. This brings into question the need for more 

omplex and computationally expensive simulations such as the 

pproaches we discuss. Acknowledging this, instead we see the 

eed for added computational rigour to determine the fundamen- 

al biological links between multi-directional/topological WSS, fac- 

ors that impact their computation, and the natural history of 

therosclerosis so that the most effective haemodynamic met- 

ics can be targeted. From this rigour, computationally simpler 

pproaches, such as reduced order modelling already applied 

uantitative flow reserve computations or machine learning ap- 

roaches, could be extended to determine these transient and 

ulti-directional properties within the necessary time frames to 

oth make larger cohort studies and real-world use more practical 

 103 , 104 ]. 

. Conclusion 

In this paper the relationships between twelve multi- 

irectional/topological WSS metrics and the influence of stenosis 

ercentage, lesion length, FSI simulation and coronary dynamics 

n both idealised and patient-specific cases has been investi- 

ated. Our results highlight the nonlinear relationship between 

tenosis percentage, lesion length and all WSS metrics. 22–32% 

tenosis appears as the critical threshold level beyond which 

dverse and multi-directional WSS properties are amplified, with 

5% stenosis being the point of inflection where attracting WSS 

ivergence strength imbalances the repelling strength. FSI alone 

roduces small alterations in WSS metrics; however, the addition 

f coronary dynamics produces more significant alterations in the 

irectional properties of the WSS vector. These changes appear 

ost critically at smaller stenosis levels, suggesting coronary 

ynamics could play a role in the earlier stages of atherosclerosis 

evelopment. Finally, our patient specific case comparison shows 

hat WSS direction can be influenced by coronary dynamics, 

hich impacts the associations between each metric and vessel 

emodelling and plaque morphology changes in line with idealised 

esults. This now raises a further question on whether these 

ubtle variations could alter associations and prognostic value of 

SS metrics with changes in coronary atherosclerosis over time, 

arranting further investigation in a wider range of morphological 

ettings and longitudinal cohort studies in the future. 
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logical significance of this is still not understood [84] . 
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ppendix A1. FSI and CFD scaling coefficients 

Table A1 outlines the correlation coefficient and the parameters 

or a linear fit between FSI and CFD simulation data, as described 

n Eq. 15. 

 SI = a.CF D + b (15) 

ppendix A2. A note on the equivalence of divergence and 

ritical point calculations 

In Eq. (8) , we take the integral over the cardiac cycle of the

calar divergence computed using the instantaneous, normalized 

SS vector field. This is not necessarily equivalent to taking the 

calar divergence of the normalised TAWSS vector field previously 

escribed as [33] 

 · τTAW SS (p , t) 

‖ 

τTAW SS (p , t) ‖ 

dt = ∇τTAW SSx (p , t) · ˆ x + ∇τTAW SSy (p , t) · ˆ y 

+ ∇τTAW SSz (p , t) · ˆ z dt. (16) 

Normalising the vector field at each time step allows us to in- 

estigate in greater detail the multi-directional properties of the 

SS vector field, without the impact of its magnitude. By do- 

ng so, each time-step in the time-integral from Eq. (8) is effec- 

ively equally weighted (no impact from WSS magnitude), altering 

he cycle-averaged divergence scalar field when compared to using 

nly the single vector field of the TAWSS which is then normalised 

fter its time-average is taken. In more detail, if we first take the 

ntegral of the WSS vector field over the time a to b (i.e. the TAWSS

ector field for the cardiac cycle when a-b = T) as , 

1 

(b − a ) 

∫ b 

a 

τ(p , t) dt, (17) 

here p is a position vector ( p = [ x, y, z ]). We can then express its

artial derivative with respect to an arbitrary coordinate via Leib- 

iz’s integral rule. For simplicity, taking the partial derivative with 

espect to the x coordinate, we have 

1 

(b − a ) 

∂ 

∂x 

(∫ b 

a 

τ(p , t) dt 

)
= 

1 

(b − a ) 

(
τ(p , b) 

∂ 

∂x 
b − τ(p , a ) 

∂ 

∂x 
a

22 
+ 

∫ b 

a 

∂ 

∂x 
τ(p , t) dt 

)
, (18)

hich can then be simplified when a and b are constants (i.e., 

ime) to 

∂ 

∂x 

(∫ b 

a 

τ(p , t) dt 

)
= 

∫ b 

a 

∂ 

∂x 
τ(p , t) dt. (19) 

This is then easily expanded to include the partial derivatives 

n the y and z orientations. As the del operator, ∇ , is a vector of

artial derivatives, 

 = 

(
∂ 

∂x 
, 

∂ 

∂y 
, 

∂ 

∂z 

)
, (20) 

nd the divergence is the dot product between the del operator 

nd a specified vector field, by extension Eq. (19) states that the 

ivergence of the TAWSS vector field is equivalent to the time aver- 

ged divergence of the WSS vector field. This is due to the limits of 

ntegration being time-dependant scalars, not position dependant, 

llowing the divergence (partial derivatives) operator to come out- 

ide of the integral and the remaining terms to become zero. 

However, when we are dealing with the normalised vector field 

here is a significant difference. Mathematically, this difference be- 

omes obvious through use of the triangle inequality (or integral 

nequality) applied over the WSS vector field for a cardiac cycle, T, 

hich by induction states 

∫ T 

o 

τ(t) 

∥∥∥∥ ≤
∫ T 

0 
‖ 

τ(t) ‖ 

, (21) 

nd, therefore, implies 

 ·

T ∫ 
0 

τi ∥∥∥∥
T ∫ 
0 

τi 

∥∥∥∥
� = 

∫ T 

0 

∇ · τi 

‖ 

τi ‖ 

. (22) 

It should also be noted that the divergence of the normalised 

ycle averaged WSS vector field and the time-averaged divergence 

f the normalised WSS vector field can still be equivalent in re- 

ions that do not exhibit flow reversal. As has been previously 

ighlighted, this calls into question the physiological meaning of 

ulti-directional flow metrics in these regions [33] . These differ- 

nces have been demonstrated using the resulting WSS vector field 

rom the 43% stenosis model (CFD simulation) in Fig. 18 . 

Importantly, this approach allows us to investigate how the pul- 

atile flow conditions impact multi-directional WSS over the differ- 

nt phases of the cardiac cycle. For instance, the contraction of the 

yocardium during the systolic phase leads to the most significant 

otion/torsion/bending over this time, when blood velocity in the 

eft anterior descending artery is suppressed by microcirculatory 

esistance. Typically, the higher blood velocity over the diastolic 

hase overpowers the impact of the systolic phase on WSS magni- 

ude, missing what could be important variations. Of course, in the 

ase of other vessels such as the right coronary artery, blood veloc- 

ty over the systolic phase is not suppressed in the same manner 

o different outcomes could be expected. This still requires further 

nvestigation. 

Furthermore, this approach allows us to quantify critical point 

ocations at every timepoint over the cardiac cycle, avoiding the 

aradoxical results previously highlighted that suggested a critical 

oint at a location in the normalised TAWSS vector field may never 

ctually be a critical point in the time-dependant WSS vector field 

33] . Again, this is demonstrated in Fig. 18 . However, the physio- 

https://doi.org/10.1016/j.cmpb.2023.107418


H
.J.
 C

a
rp

en
ter,

 M
.H

.
 G

h
a

yesh
,
 A

.C
.
 Z

a
n

d
er
 et

 a
l.
 

C
o

m
p

u
ter

 M
eth

o
d

s
 a

n
d
 P

ro
g

ra
m

s
 in

 B
io

m
ed

icin
e
 2

31
 (2

0
2

3
)
 10

7
418

 

Table A1 

Linear fits between CFD and FSI simulations, with either static or dynamic FSI boundary conditions. ∗Dynamic relationship is influenced by displacement direction. 

Idealised 

Patient- Specific Case 22% stenosis 

18 mm lesion length 

43% stenosis 

18 mm lesion length 

43% stenosis 

10 mm lesion length 

R 2 a b R 2 a b R 2 a b R 2 a b 

TAWSS Static 0.99 0.58 0.073 0.99 0.62 0.42 0.98 0.59 −0.058 0.78 0.60 0.18 

Dynamic ∗ 0.99 0.58 0.074 0.99 0.59 0.24 0.98 0.59 −0.065 0.77 0.63 0.14 

OSI Static 0.93 1.47 −1.14e-6 0.77 0.10 8.45e-5 0.65 0.81 0.015 0.75 0.75 0.0035 

Dynamic ∗ 0.92 1.01 −2.96e-7 0.96 0.41 8.92e-6 0.64 0.73 0.014 0.81 0.72 0.0024 

RRT Static 0.99 1.63 0.011 0.97 1.05 0.068 0.13 0.72 1.11 0.69 1.14 0.13 

Dynamic ∗ 0.99 1.64 0.0097 0.99 1.26 0.058 0.25 0.65 1.14 0.85 1.10 0.22 

TrWSS Static 0.89 0.64 8.56e-6 0.21 0.37 5.44e-5 0.71 0.84 1.86e-4 0.52 0.51 7.77e-5 

Dynamic ∗ 0.79 0.31 2.22e-6 0.85 0.54 −4.5e-6 0.73 0.69 1.25e-4 0.052 0.17 2.26e-4 

CFI Static 0.87 0.99 6.35e-5 0.62 0.29 9.02e-4 0.57 1.06 0.020 0.52 0.79 0.0036 

Dynamic ∗ 0.83 0.61 4.41e-6 0.95 0.64 −1.11e-4 0.65 0.96 0.012 0.43 0.68 0.0060 

WSSax Static 0.99 0.58 0.069 0.99 0.62 0.42 0.98 0.59 −0.11 0.79 0.60 0.17 

Dynamic ∗ 0.99 0.58 0.055 0.99 0.59 0.23 0.98 0.59 −0.12 0.79 0.64 0.12 

WS ̂ Saxe Static 0.86 1.52 −0.52 0.79 0.20 0.80 0.96 0.91 0.022 0.87 0.67 0.31 

Dynamic ∗ 0.35 3.79 −2.79 0.94 0.54 0.46 0.96 0.93 −0.0084 0.88 0.83 0.15 

WSSsec Static 0.97 0.56 −6.89e-6 0.68 0.53 −3.84e-4 0.68 0.69 −3.13e-4 0.86 0.72 3.11e-4 

Dynamic ∗ 0.97 1.33 1.97e-4 0.97 0.39 3.81e-4 0.68 0.69 −2.62e-4 0.84 0.80 −0.0024 

WS ̂ Ssec Static 0.97 0.98 8.51e-8 0.019 0.16 4.58e-4 0.89 1.24 −7.02e-4 0.83 0.82 −0.023 

Dynamic ∗ 0.97 2.46 1.75e-4 0.96 0.64 1.74e-4 0.87 1.29 −8.02e-4 0.81 0.97 −0.033 

Divergence Static 0.52 0.67 7.61 0.080 0.22 43.32 0.56 0.61 −0.39 0.54 0.59 −6.99 

Dynamic ∗ 0.53 0.69 7.27 0.75 0.65 24.36 0.59 0.66 −1.36 0.54 0.67 −3.94 

TSVI Static 0.15 0.45 5.01 0.67 0.43 40.52 0.69 0.69 109.55 0.46 0.72 52.70 

Dynamic ∗ 0.15 0.36 4.92 0.86 0.76 −6.86 0.77 0.71 67.15 0.48 0.74 56.72 

CP Static 0.0 1.00 0.00 0.031 0.081 4.00e-5 0.094 0.67 2.97e-4 0.14 2.05 7.91e-5 

Dynamic ∗ 0.0 1.00 0.00 0.81 0.45 −1.39e-8 0.12 0.68 2.18e-4 0.11 1.48 4.16e-5 

2
3
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Fig. 18. Comparison of various approaches to computing the WSS divergence and the use of instantaneous vs time-averaged WSS vector field for critical point location 

computation in the 43% stenosis model. (A) Visualisation of results from divergence calculation. Note the subtle differences, inset, which stem from the TAWSS being unable 

to capture how WSS topology changes over the cardiac cycle (further visualisation of this is provided in Fig. 9 A). (B) Critical point locations, where the critical point located in 

the TAWSS vector field corresponds to the largest critical point residence time in the transient WSS vector field. (C) Absolute values of divergence (attracting and expanding 

regions) demonstrating the inequality in the use of the normalised vector field and equality for the non-normalised vector field. 
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