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Introduction

What is wall shear stress?
When blood flows through an artery, it exerts forces on the vessel wall

(Figure 1). The perpendicular component of that force vector is associated

with blood pressure, leading to deformation of the cells in the vessel wall.

The tangential component of that force vector is much smaller and can

be sensed by the endothelium through a shearing deformation (‘shearing

force’). Each force has a magnitude and direction, and for the shear force,

they both change during the cardiac cycle. If we normalize this tangential

force vector by the area, we obtain the wall shear stress (unit: 1Pa = 10

dynes/cm2). Wall shear stress has a major impact on endothelial function

and therefore plays a key role in atherosclerotic disease development

and in long-term evolution and healing of vessels treated by intravascular

devices. Wall shear stress is orders of magnitude smaller than other

mechanical stresses affecting the coronary arteries, such as tensile stress

or compressive stress and exerts its powerful vascular effects not by a

mechanical impact on vascular structure per se, but uniquely by triggering

biologic signalling. The biological impact of wall shear stress will be

reviewed briefly in ‘The biological relevance of wall shear stress’ section.
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How do we calculate wall shear stress?
Since wall shear stress in coronary arteries cannot be measured

directly, we need to compute through solving the equations that

describe the motion of fluids: the Navier–Stokes equations. The

most widely used method to solve these complex equations is

called computational fluid dynamics (CFD). Given the appropriate

input data, the velocity and pressure distribution can be computed

with CFD and the local wall shear stress distribution in coronary

arteries can be derived. CFD in the coronary arteries has recently

gained increased clinical interest with the advent of computed

tomography coronary angiography-derived fractional flow reserve

(FFRCT) technology for non-invasive assessment of coronary

stenosis severity.

The solution of the full Navier–Stokes equations provides

complete velocity and pressure information at any location in the

coronary artery at any point in time. Solving these equations can

be time consuming and computationally expensive and therefore

many studies make use of simplified equations, many of them

building on the seminal work of Young and Tsai and Gould.1–3

Reductional approaches can be useful for specialized applica-

tions, but they often rely on assumptions that do not hold for

coronary artery flow. A recent series of applications produce

predictions of bulk pressure drops in stenosed arteries under hyper-

aemia to determine the FFR. Especially under elevated flow conditions,

the non-linear nature of the Navier–Stokes equations becomes dom-

inant, often leading to an underestimation of the pressure drop when

applying reduced models.

Aim and outline
The aim of this manuscript is to provide guidelines for appropriate

use of CFD to obtain reproducible and reliable wall shear stress

maps in native and instrumented human coronary arteries. The

outcome of CFD heavily depends on the quality of the input data,

which include vessel geometrical data, proper boundary condi-

tions, and material models. Available methodologies to

reconstruct coronary artery anatomy are discussed in ‘Imaging

coronary arteries: a brief review’ section. Computational proce-

dures implemented to simulate blood flow in native coronary

arteries are presented in ‘Wall shear stress in native arteries’ sec-

tion. The effect of including different geometrical scales due to the

presence of stent struts in instrumented arteries is highlighted in

‘Wall shear stress in stents’ section. The clinical implications are

discussed in ‘Clinical applications’ section, and concluding remarks

are presented in ‘Concluding remarks’ section.

The biological relevance of wall

shear stress

Wall shear stress and the endothelium
Wall shear stress is sensed by endothelial cells via multiple wall shear

stress-responsive cell components, which (de)activate intra-cellular

pathways leading to regulation of gene and protein expression. This

force-induced regulatory process plays a continuous role in the de-

velopment, growth, remodelling, and maintenance of the vascular

system (Table 1 and Figure 2). Generally, endothelial cells exposed to

high, unidirectional wall shear stress assume a quiescent state, while

endothelial cells exposed to low and/or directional varying wall shear

stress are activated, displaying a pro-inflammatory state.4 There is

also an important interplay between wall shear stress and pro-

inflammatory cytokines such as tumour necrosis factor (TNF) and

interleukin (IL)-1b. These cytokines function as central drivers of ar-

terial inflammation by inducing endothelial expression of adhesion

protein and chemokines that co-operate to capture leukocytes from

the blood stream to the vessel wall. High shear stress reduces the

ability of TNF or IL-1b to activate EC whereas low shear stress

primes them for pro-inflammatory responsiveness.5–8 Recently, the

Canakinumab Anti-inflammatory Thrombosis Outcomes Study

(CANTOS) revealed that targeting of IL-1b led to reduced cardiovas-

cular events in patients with a previous myocardial infarction, thereby

highlighted the importance of IL-1b in atheroprogression.9 The mo-

lecular mechanisms underlying the pro- or anti-inflammatory effects

of wall shear stress are governed by wall shear stress-responsive

transcription factors. The anti-inflammatory transcription factors

KLF2 and Nrf2 are activated by high wall shear stress and have been

shown to be involved in the regulation of 70% of high wall shear

stress-induced genes. In contrast, the transcription factors AP-1 and

NF-jB are activated by low and/or oscillatory wall shear stress and

positively regulate pro-inflammatory genes.10–15 The wall shear stress

responsive pathways also regulate endothelial function and vessel in-

tegrity. This includes short-term regulation of vascular tone, via re-

lease of potent vasodilators (e.g. nitric oxide) and vasoconstrictors

(e.g. endothelin-1), respectively, but also long-term processes includ-

ing vascular remodelling (e.g. outward/inward remodelling, angiogen-

esis, and collateral formation) to meet tissue perfusion demand. This

section provides a brief overview of some of the most important

mechanisms and pathways that relate wall shear stress to athero-

sclerosis and restenosis. For a more detailed description of these and

other pathways, and their role in priming of endothelial cells, the

reader is referred to other review articles.16,17

Figure 1 A schematic representation of the forces the vessel wall

is exposed to. The red arrow is the normal force component, asso-

ciated with blood pressure, and the green arrow is the tangential

component force, associated with wall shear stress. Note that the

size of the arrows does not represents the magnitude of the forces,

only the direction.

3422 F. Gijsen et al.
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Table 1 Levels of shear stress and its effects on atherosclerosis

Effects in:

Label Range (Pa)18–22 Early atherosclerosis4 Advanced atherosclerosis4 Stented segments23,24

Oscillatory 0 ± 0.5 Athero-prone Athero-prone Neoathero-prone

Low 0–1

Normal/high 1–7 Athero-protective No consensusa Neoathero-protective

Elevated >7 NA Erosion NA

In cultured endothelium, 0 ± 0.5 Pa is often used to mimic athero-prone shear stress, whereas 1.2–1.5 Pa is the most frequently used value to simulate normal, often termed

high, arterial shear stress. Consistent with this, a low, oscillatory shear stress of 0.05 ± 0.5 Pa was measured in the disease prone region of the internal carotid artery18,19 and in

healthy human coronary arteries, time-averaged wall shear stress was found to be approximately 1.4 Pa.20 In atherosclerotic human arteries, shear stress can vary with changes

in geometry. It is elevated at the stenosis of plaques reaching >7 Pa in some instances.21 In cultured endothelium, 7.5 Pa is used to mimic elevated shear stress in vitro.22

However, it should be noted that low shear stress is associated with plaque progression in diseased human coronary arteries.25 The effect of shear stress profiles on early and

late atherosclerosis are reviewed in reference 4, and their effect on neoatherosclerosis in stented vessels are reviewed in references 23 and 24.

NA, not applicable.
aSee Supplementary material online, Appendix B, Table B1.

Figure 2 A schematic illustration of some of the processes that are involved in plaque development and rupture, and how these are related to wall

shear stress. In low wall shear stress regions, monocytes are recruited by the endothelium through the expression of various adhesion molecules.

Recruited monocytes transform into foam cells which subsequently can accumulate and are the main source for the development of the necrotic

core. Expansive remodelling initially prevents lumen intrusion of the plaque, but once this process fails, the wall shear patterns the plaque is exposed

to changes. High wall shear stress will be present at the upstream part and the throat of the plaque, while in the downstream region, low wall shear

stress will be accompanied by elevated levels of oscillatory flow. Although there is no direct effect of wall shear stress on plaque rupture, shear stress

does influence endothelial function, potentially leading to cap thinning in the high wall shear stress regions.

Expert recommendations on the assessment of wall shear stress in human coronary arteries 3423
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Wall shear stress and early
atherosclerosis
Many of the same signalling pathways that regulate developmental,

homeostatic, and adaptive mechanisms in arteries play a key role in

the development of coronary artery disease initiation and progres-

sion, partly explaining site specific susceptibility to atherosclerosis.26

The low and/or oscillatory wall shear stress-induced inflammatory ac-

tivation of the endothelium typically occurs at the inner bend of

curved arteries, ostia of branches, lateral walls of bifurcations, at sur-

gical junctions such as end-to-side anastomoses, and up or down-

stream from luminal obstructions. At these sites, circulating

inflammatory cells, primarily monocytes, interact with adhesion mol-

ecules like vascular cell adhesion molecule (VCAM)-1 and monocyte

chemotactic protein (MCP)-1 (transcriptional targets of AP-1 and

NF-jB), expressed on the activated endothelial cells. The monocytes

then enter the sub-endothelial layer where they become macro-

phages that engulf lipoproteins and subsequently transdifferentiate

into foam cells, trapping them inside the arterial wall and leading to

atherosclerotic plaque initiation: the fatty streak. During progression

of atherosclerosis, the plaque grows. Initially the artery will remodel

outward to preserve lumen area and tissue perfusion, thereby main-

taining the wall shear stress profile before lesion onset and promot-

ing the pro-inflammatory activation of the endothelium now

overlying the plaque. In this way, low wall shear stress continues to

contribute to early plaque growth. In contrast to branches and bifur-

cations, regions of arteries with uniform geometry are generally

exposed to laminar flow and undisturbed wall shear stress which

induces anti-inflammatory and athero-protective processes, in part,

via activation of KLF2 and Nrf2 which suppress inflammatory and

pro-apoptotic signalling pathways.11

Wall shear stress and advanced
atherosclerosis
In the advanced stages of the disease, both high and low wall shear

stresses have been suggested to play a detrimental role. Plaques vary in

terms of geometry and composition. Some have a preserved lumen

that is continuously exposed to their original wall shear stress, either

low in curved segments or oscillating in bifurcations, while others have a

narrowed lumen that is mainly exposed to increased spatial and tem-

poral variations in wall shear stress.26 In both cases, wall shear stress

may influence plaque composition, leading to varied risk of plaque vul-

nerability. In coronary plaques with a preserved lumen, low wall shear

stress has been correlated to a reduction in smooth muscle cells,

reduced collagen production, and increasedmetaloproteinase activity.27

Two-thirds of acute coronary syndromes are caused by plaque

rupture. One-third demonstrates a thrombus overlying a non-

ruptured plaque, in which the event appears to be caused by endo-

thelial erosion.28 Less is known about the mechanisms regulating

plaque erosion than those for plaque rupture. It has been suggested

that both high and low wall shear stress can be causative of ero-

sion.29,30 Unlike plaque rupture, endothelial erosion tends to occur

on stable, thick-capped atherosclerotic plaques.31On these stable, in-

ward remodelled plaques, endothelial apoptosis, and loss of endothe-

lial contact with the underlying extracellular matrix are processes

believed to be involved in endothelial erosion and have been shown

to be induced by high wall shear stress (reviewed in reference31)

However, endothelial detachment was observed to be twice as fre-

quent on the downstream side of lumen narrowing plaques,32 sug-

gesting a role for low and/or oscillatory wall shear stress.33 These

apparently conflicting observations suggest that biological mechan-

ism, in concert to wall shear stress, may play a role in this process.

Wall shear stress and in-stent restenosis
It has been proposed that wall shear stress also plays an important

role in stented arteries.34 Stents alter local artery geometry and con-

comitantly wall shear stress patterns. If the deployed stent is patent

and without luminal irregularities, the local wall shear stress pattern

will be primarily physiologic or vasculoprotective. If the artery geom-

etry is curved or tortuous, however, then by restoring the three-di-

mensional (3D) geometry present before lumen intrusion, the wall

shear stress profile that caused the disease may be reinstated. In add-

ition, the presence of stent struts, depending on their height and

width, can lead to the generation of disturbed wall shear stress in be-

tween the struts.35–38 Furthermore, stent implantation may increase

the local curvature at the entrance and exit of the stent, further

enhancing disturbed shear stress regions.23 Higher wall shear stress

on the adluminal surface of the struts induces platelet activation and

modifies their morphology.39 The activated platelets resume their

discoid geometry as they enter the lower wall shear stress zones

within the recirculation zone behind the struts, causing conform-

ational changes in von Willebrand receptors and platelet aggrega-

tion.40,41 Furthermore, low, disturbed wall shear stress zones beside

the struts can induce the platelets to release platelet-derived growth

factor that stimulates endothelial proliferation in these stagnation

zones.42,43 The higher wall shear stress on top of the struts results in

poor endothelialization,44 while the low, disturbed wall shear stress

in the vicinity of the struts reduces endothelial migration38 and ini-

tiates smooth muscle cell migration into the subintimal layer.45

Through all these mechanism presented above, wall shear stress has

been associated with neointima development and neoatherosclero-

sis (neoatherosclerosis biological mechanisms are reviewed in refer-

ences 23 and 38) in human coronary arteries which can ultimately

result in the need for repeat interventions.38

Imaging coronary arteries: a brief

review

Why is three-dimensional luminal data

so important?
Assessment of haemodynamic parameters requires a precise imaging

and 3D reconstruction of the lumen geometry. In general, coronary

arteries are imaged using traditional X-ray angiography, multi-slice

computed tomography angiography (CTCA), magnetic resonance

imaging, and various intravascular imaging techniques including intra-

vascular ultrasound (IVUS), optical coherence tomography (OCT),

and near-infrared spectroscopy (NIRS)-IVUS. In addition, several

other invasive imaging modalities are under development and may

have future applications in coronary reconstruction and overcome

limitations of the existing techniques enabling detailed assessment of

plaque morphology.46

3424 F. Gijsen et al.
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Geometry assessment with invasive and
non-invasive coronary angiography
With traditional X-ray angiography, the contrast filled lumen of the

coronary arteries is visualized using X-rays, generating a 2D projec-

tion of the arterial lumen, with a pixel size of 150–250mm.

Combining information from two or more X-ray images selected at

the same moment during the cardiac cycle, a 3D reconstruction of

the coronary artery lumen can be generated.47–50 Due to their ease

of application, and the widespread availability of angiography, these

3D reconstruction techniques have been incorporated in commer-

cially available software.51 However, the accuracy of coronary angi-

ography-based wall shear stress computations remains controversial,

as some studies have demonstrated a moderate association between

the wall shear stress estimated in angiographic-based models and

those reconstructed from intravascular imaging, while others have

shown a strong correlation.52–55 On the other hand, there is robust

evidence on its efficacy in calculating haemodynamic parameters

which are less sensitive to the exact lumen shape, such as FFR, which

is defined as the ratio of pressure distal to the lesion to the proximal

pressure.56 The efficacy of CFD analysis in models reconstructed

from multiple angiographic projections or rotational angiography in

predicting the FFR has been validated against in vivo measurements

with promising initial results.57–60

Computed tomography angiography enables reconstruction of the

entire coronary tree and it can be used to study plaque distribution in

coronary bifurcations and the effect of the local haemodynamic

forces in these vulnerable segments.61 These advantages however

come at a cost of a lower imaging resolution (240–500mm) and less

reliable characterization of the composition of the plaque; limitations

that are likely to have an impact on the estimated wall shear stress

and affect the association between local haemodynamic forces and

plaque characteristics.62,63 Several recent studies however, have used

CTCA-based models to evaluate wall shear stress64 and two reports

have shown that computational modelling in CTCA-based recon-

struction can provide useful information and predict segments that

will exhibit atherosclerotic disease progression highlighting its value

in the study of atherosclerosis.65–66

Magnetic resonance imaging has also been utilized to reconstruct

3D anatomical models for CFD analyses but its image resolution is

limited for coronary arteries (resolution 1000–1340mm); therefore

this modality is currently not recommended for coronary artery

lumen reconstruction.

Imaging approaches based on fusion with
intravascular techniques
To overcome the limitations of angiography and CTCA, and to recon-

struct high-resolution models of the coronary arteries fusion of angi-

ography or CTCA and intravascular imaging has been proposed.67–72

These methods benefit from the high spatial resolution of the non-X-

ray based imaging modalities in each cross-section and allows imaging

of the vessel wall and its components.73–75 Coronary reconstruction

based on fusion of IVUS or OCT and angiography or CTCA includes

the following steps: (i) the extraction of the IVUS catheter path or the

lumen centreline from two end-diastolic angiographic projections, (ii)

the segmentation of the end-diastolic IVUS or OCT frames, (iii) the

placement of the contours perpendicularly onto the catheter path or

the lumen centreline and the estimation of their relative twist using

the Frenet–Serret formula or the sequential triangulation algorithm,

and (iv) the comparison of the silhouette of the back-projected lumen

model with the lumen silhouette on the angiographic projections67,68

or the use of anatomical landmarks visible in both IVUS or OCT and

X-ray imaging or CTCA69–71 to estimate the absolute orientation of

the IVUS orOCT frames (Figure 3).71

Intravascular ultrasound was the first invasive imaging modality

that was used to reconstruct coronary anatomy. This modality with

its high penetration depth enables assessment of luminal morphology

and plaque burden and has provided unique insights about the role of

wall shear stress on atherosclerotic evolution.26,73 A limitation of

IVUS is its limited efficacy to assess plaque composition and its low

resolution (65–150mm) that do not allow microscopic evaluation of

plaque pathology. Near-infrared spectroscopy-intravascular ultra-

sound imaging appears able to assess more accurately plaque tissue

characteristics and today synergistic ability to identify plaque compo-

nents has been shown.76

Another modality that enables accurate evaluation of the superfi-

cial plaque is high-resolution OCT (12–18mm) that is able to assess

plaque micro-characteristics associated with plaque vulnerability that

are unseen by IVUS such as the fibrous cap thickness, neovessels,

cholesterol crystals, and macrophages accumulation.77 Moreover,

OCT, in contrast to IVUS, allows visualization of the lumen pro-

truded struts in stented and scaffolded segments that, as it has been

shown in in silico studies, can create micro flow disturbances and re-

circulation zones in the areas between the struts.23,78 Therefore,

OCT-based 3D reconstruction of stented segments is currently

considered superior to IVUS-based strategies,79 and the available

strategies are discussed in more detail in ‘Geometrical model con-

struction and meshing procedure’ section.

Preferred imaging modality for assessing

wall shear stress in different clinical

scenarios
• Studies aiming to investigate the effect of wall shear stress on pla-

que progression and changes in plaque composition should prefer-

ably create coronary artery models using fusion of IVUS/NIRS-

IVUS and coronary angiography or CTCA.
• Studies aiming to investigate the influence of the local wall shear

stress on plaque micro-characteristics should preferably create the

3D lumen using fusion of OCT and biplane angiography or CTCA.
• Studies aiming to investigate the influence of the local wall shear

stress distribution in a stented regions should preferably create

the 3D lumen using fusion of OCT and biplane angiography or

CTCA.
• 3D quantitative coronary angiography (QCA) and CTCA have

limited accuracy in evaluating lumen and vessel wall anatomy but it

can be considered to assess the wall shear stress and FFR on pla-

que evolution in low-risk patients where intravascular imaging is

not an option.
• Magnetic resonance imaging-based lumen reconstructions are cur-

rently not accurate enough for assessment of the wall shear stress

distribution.

Expert recommendations on the assessment of wall shear stress in human coronary arteries 3425
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Wall shear stress in native
arteries

Wall shear stress inside the coronary artery lumen can be simulated

by numerically solving the mathematical equations governing the

motion of the arteries and blood flow with relevant boundary condi-

tions.80 The system as a whole represents a complex fluid–solid inter-

action (FSI) problem. However, it was demonstrated that full FSI

analysis (i.e. including the motion of the walls of the heart) of the right

coronary artery only accounts for�5% difference in the most widely

Figure 3 Methodology developed to fuse computed tomography angiography and intravascular imaging data:71 (A) Extraction of lumen centreline

from computed tomography angiography. (B) Cross-sectional computed tomography angiography images are generated perpendicularly to the cen-

treline and anatomical landmarks that are seen in intravascular ultrasound/optical coherence tomography images are detected. After matching the

intravascular imaging contours are rotated so as to obtain the correct orientation (middle panel). (C) The orientated intravascular imaging contours

are placed perpendicular to the lumen centreline extracted by computed tomography angiography to reconstruct the coronary artery anatomy that

is shown in (D).

3426 F. Gijsen et al.
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used metric, the time-averaged wall shear stress in a recent study.81

For detailed information, the reader is referred to reference 82. In

this section, we will focus onwall shear stress computations in coron-

ary arteries with rigid, non-deforming walls. Recommendations will

be provided for 3D geometry reconstruction of the artery lumen;

the boundary conditions and material properties of blood needed to

conduct the CFD simulations, the available software platforms (CFD

solvers), and post-processing techniques for wall shear stress analysis

(Take home figure). Technical details for Wall shear stress in native

arteries and Wall shear stress in stents sections are provided in

Supplementary material online, Appendix A.

Geometrical model construction
The characteristics of blood flow in the coronary arteries are strongly

dependent on the 3D curvature, the presence of bifurcations, and

lumen intruding plaques as well as the pulsatile nature of the flow

(Figure 4). These geometrical and physical parameters will introduce

haemodynamic features such as secondary flow and/or recircula-

tion,83 which will play a critical role in determining the wall shear

stress dynamics at the region of interest (ROI). The inclusion of the

proximal segment of the coronary arteries allows for a natural devel-

opment of the secondary flow, which is essential for an accurate rep-

resentation of the distal wall shear stress pattern.84 Therefore,

segmentation and 3D reconstructions, whether it is from CTCA, 3D-

QCA, IVUS, or OCT,85–88 should be extended to the ostium of both

right and left coronary artery whenever possible.

In addition, the presence of arterial bifurcations has a major impact

on wall shear stress patterns.89 Firstly, there is a global effect of bifur-

cations on wall shear stress. At each bifurcation, coronary flow is dis-

tributed between the main vessel and side branch, mainly depending

on their diameters.90,91 This leads to a reduction of blood flow in the

main vessel, which is typically accompanied by tapering of the lumen

of the mother vessel. Secondly, coronary bifurcations also have a

local effect of wall shear stress patterns, inducing local regions of dis-

turbed flow, potentially containing reversal of flow due to the pres-

ence of macro-recirculation (Figure 4C). Selection criteria to

determine what side branch should be included can be found in

Supplementary material online, Appendix A.1.

Meshing procedure
The reconstructed 3D geometries will be filled with grid points which

represent the volume of the blood within the ROI. These grid points

form the basis for the mesh elements, which are required to compute

velocity and pressure from the governing equations for blood flow. In

this meshing procedure, the individual grid spacing, or mesh size, is

determined by the complexity of the arteries of interest. Generally, a

finer grid spacing is required in the regions where large changes in the

velocity profiles (see also Figure 1) are anticipated. This implies that a

smaller elements are often used at the vessel wall, while larger ele-

ments are admissible in the central part of the artery, where the

smaller changes in the velocity profiles are present (see also

Supplementary material online, Appendix A, Figure A2). The optimal

grid spacing needs to be determined by a mesh convergence analysis

to demonstrate that further mesh refinement will not result in signifi-

cant changes to the wall shear stress estimations. This is an essential

step for each CFD analysis (see also Supplementary material online,

Appendix A.3).

Boundary conditions
For CFD in coronary arteries in a rigid geometry, boundary condi-

tions need to be described for the inlet, the outlet(s), and the arterial

wall.

In steady flow simulations, the inflow velocity used is a time-

averaged value over a cardiac cycle and time variation of the velocity

at the inlet is neglected. The value for the time-averaged inlet can be

obtained using either thrombolysis in myocardial infarction (TIMI)

frame count,90 including a modified TIMI frame count through the cal-

culated true 3D reconstructed volume of the lumen segment of

interest,92 or a more sophisticated—but less widely available—intra-

coronary Doppler ultrasound blood flow velocity measurement.93 If

patient-specified flow measurements are not available, scaling laws

can be applied. Various scaling laws are available that relate the local

Take home figure Wall shear stress in coronary arteries from imaging to modelling.

Expert recommendations on the assessment of wall shear stress in human coronary arteries 3427
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diameter of the artery to the average velocity.94–96 In a coronary ar-

tery bifurcation study, the redistribution of coronary flow between

the main vessel and side branch should be considered carefully.

Ideally, patient-specific data should be used to determine the flow re-

distribution. These data can be obtained during clinical procedures,

e.g. based on computed tomography perfusion97 or myocardial vol-

ume.91 If these are not available, one can use a diameter based scaling

laws.98,99 A constant pressure boundary at the model outlets can be

applied to regulate the flow redistribution. Lastly, a no-slip and

no-penetration boundary condition is prescribed at the arterial wall.

In recent years, interest in faithfully recreating the pulsating coron-

ary fluid environments has become more common due to the add-

itional information that can be obtained from analysing the temporal

variation of wall shear stress.83,100 The pulsatile nature of coronary

flow can only be fully revealed with transient or unsteady CFD simula-

tions. Suitable modifications to the boundary conditions at both inlet

and outlet are needed to capture the coronary flow phasic behaviour

(Supplementary material online, Appendix A.4). In particular, the

difference between phasic coronary flow in the left and right coro-

naries should be accounted for. With velocity-derived inlet boundary

condition, the time-varying inflow velocity can be derived from

patient-specific measurements,92,93 or the time-averaged velocity val-

ues can be combined with a generic velocity waveform.90,101,102

At the outlet, the implementation of specialized coronary boundary

condition model is needed if the phasic change in coronary pressure

in pulsatile CFD analyses are studied.103,104 Another commonly used

boundary condition method is to couple the inlets and outlets to

lumped parameter circuit models representing cardiac and coronary

physiology via an analogy to electrical circuits and is described in

details in Supplementary material online, Appendix A.4.

Blood rheology
Blood comprises a mixture of red blood cells (RBC), white blood

cells, platelet, and plasma. Herein, we focus on one of the predomin-

ant features of blood, namely the ability of RBC to aggregate and

elongate under different flow conditions, and the resulting effect on

blood viscosity and subsequent impact on the wall shear stress calcu-

lation. It has been shown that at low shear rate,105 RBCs aggregate

and eventually form ‘rouleaux’ which in turns increases the viscosity

of the blood (Figure 5).106 However, RBC aggregation is a reversible

process. That is, rouleaux begin to break up with increasing shear

rate and return to single individual RBCs. The separation of RBCs

from rouleaux results in an initial decrease in local blood viscosity

that ultimately asymptotes to a constant value at higher shear rate.107

This fluid behaviour of viscosity being inversely proportional to the

shear rate is often referred to as a shear-thinning behaviour, making

blood a non-Newtonian fluid. Most CFD simulations have simplified

the shear-thinning fluid behaviour of blood to a Newtonian fluid using

a constant blood viscosity of 3.5–4.0 mPa�s.108 However, it is advised

to implement suitable shear-thinning model (e.g. Carreau–Yasuda

model109 andQuemada model110) in coronary flow CFD studies.

Solution strategies
The solution procedure in CFD simulations involves various steps,

each with their own settings that determine the solution accuracy.

These settings are extremely important and depend on many factors,

Figure 4 (A) Coronary tree showing multiple curvatures and bifurcation. (B) Secondary flow in the presence of the proximal curvature. (C)

Macro-recirculation due to varying lumen geometries such as bifurcation and stenosis.

3428 F. Gijsen et al.
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including the solution method used, and on the flow regime. The

appropriate choice of these settings requires engineering skills and

in-depth knowledge about computational methods.111,112 A key con-

cept in the solution procedure is convergence. In CFD simulations, the

Navier–Stokes equations are solved in an iterative manner. For each it-

eration, the error in solving the equations should reduce and the solu-

tion is said to be ‘converged’ when residual (error) values of velocity

and pressure are below a certain threshold (see also Supplementary

material online, Appendix A.5). Only converged solutions provide reli-

able wall shear stress maps. A list of CFD software platforms that are

available and used in the community is provided in Table 2.

Post-processing
Several metrics can be derived from the computed wall shear stress

distribution. Wall shear stress values up to about one to two vessel

diameters after the inlet and about half or one vessel diameter length

before the outlet side of geometry may have artificial values related

to the boundary conditions and should be excluded from analyses.

Wall shear stress metrics including temporal components include the

oscillatory shear index,18 relative residence time,114 and a recently

introduced metric called the transverse wall shear stress.115 For a

visualization of these quantities, the reader is referred to

Supplementary material online, Appendix A, Figure A4.

Statistical analysis of the above quantities often requires mapping

(in both circumferential and axial directions) of the CFD results to

the cross-section contours in the ROI. It is important to emphasize

that both mapping should be performed based on the resolution of

the mesh, and the resolution of the medical imaging data, especially in

case of IVUS and OCT-based CFD analyses. Further recommenda-

tions can be found in Supplementary material online, Appendix A.6.

Main recommendations for ‘wall shear
stress in native arteries’
• Arterial lumen reconstructions from ostium of both right and

left coronary artery proximal to ROI need to be included for

physiological blood flow development.
• Bifurcation reconstructions, especially immediately proximal to the

ROI, are essential for accurate computation of the local wall shear

stress distributions.
• The arterial lumen containing the blood is represented by thou-

sands or even millions of mesh elements and the appropriate

element size can only be determined by a mesh refinement study.
• Simulation results with 3% discrepancy or less at each mesh refine-

ment step are considered mesh independent.
• Non-Newtonian blood properties should be accounted for by

implementing suitable shear-thinning model.
• Each CFD simulation should be carefully checked on convergence,

and convergence criteria depend on the problem at hand and the

solution strategy.

..................................................................................................

..................................................................................................

Table 2 Commonly used computational fluid
dynamic software platforms

Commercial/

open source

Remarks

ANSYS fluent Commercial Excellent user-interfaces and more

technical support, but offer less

control over the process

STAR-CMMþ

COMSOL

OpenFoam Open source Require a high level of expertise to

ensure appropriate implementa-

tion, but provide the necessary

tools to customize the computa-

tional procedure.a

SimVascular

Crimson

aSimVascular113 provides various plug-ins that allow implementation of appropri-

ate lumped parameter models, and tutorials on how to run coronary simulations.

Figure 5 Changes in red blood cells under shear. Red blood cells aggregate at low shear rate, resulting in high blood viscosity. The process is

reversed as shear rate increases.106

Expert recommendations on the assessment of wall shear stress in human coronary arteries 3429
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• Wall shear stress and its variants are related to various pathologic-

al processes, and appropriate processing of the data depends on

what process is studied.

Wall shear stress in stents

Simulation of blood flow in stented arteries adds another layer of

complexity compared to flows in native arteries—flow around the

stent struts creates small vortices on the order of the size of struts

(Figure 6). Such small-scale flow characteristics can be labelled as the

micro-environment whereas the flow patterns in the scale of the

whole vessel, primarily determined by vessel curvature and narrow-

ing, can be called the macro-environment. The flow around a strut is

characterized as a region with accelerated flow, causing high wall

shear stress on the abluminal strut surface and a recirculation zone at

the downstream side of the strut, depending on the flow speed and

strut shape. Due to the small size of the stent struts, and the flow fea-

tures associated with them, special care needs to be paid when per-

forming CFD in stented segments.

Geometrical model construction and
meshing procedure
Reconstruction of a stented artery is challenging and requires recon-

struction of the vessel lumen with struts protruding inward, as if the

pattern of strut is imprinted on the native vessel border (Figure 6).

The geometry reconstruction is even more complex when the strut

is mal-apposed since there are small gaps between the struts and the

vessel wall.

In order to capture the flow features around a strut, a very high

mesh resolution is required (see Supplementary material online,

Appendix A.2 for technical details). At the same time, use of a 2D ap-

proximation and/or localized model around a strut (or a series of

struts) is still an option depending on the research question such as

comparison of hypothetical stent implantation scenarios using differ-

ent strategies.36

Blood rheology
Blood properties may require an additional consideration when deal-

ing with micro flow environment as the size of RBCs (6–8mm) are

roughly in the same order of magnitude as the struts (tens of mm),

which can potentially affect flow patterns. Around the top of the

strut, the difference between Newtonian approximation and non-

Newtonian model may not be substantial because shear rates are

high.116 On the contrary, shear rate in the flow recirculation behind

the strut is low and the impact of the blood viscosity model in deter-

mining the patterns of the flow is expected to be higher. Blood par-

ticles can be considered in a multiscale approach by allowing them to

aggregate, forming rouleaux, and interact with flow. The importance

of including blood particles in flow simulations on this scale is an

open question: the presence of a cell-free layer near the arterial wall

is well documented117 in small arteries and arterioles but not ad-

equately described in medium-sized arteries (diameter > 1mm) like

coronaries, especially with stents.

Solution strategy and post-processing
When blood is modelled as a homogenous fluid without particles,

the solution procedure is generally the same as that for native

arteries. However, additional attention is needed to the temporal

resolution of the simulations (Supplementary material online,

Appendix A.5). Additional models for the cellular volume and mem-

brane for the blood cells are required in case these particles are

accounted for. This is typically achieved by treating the volume occu-

pied by RBCs as another fluid or phase with the cellular membrane as

an interface.118–120 Such models require much higher computing

power and specialized solvers, particularly when the ROI is a whole

vessel that should contain millions of RBCs. This type of computation

in 3D has only been realized up to relatively short segment of vessels

so far and supercomputers are typically required.121,122

Post-processing methods should be selected in accordance with

the research question as outlined in Supplementary material online,

Appendix A.6. When wall shear stress values are compared against

plaque characteristics, the accuracy to co-register the two types of

information needs to be considered to judge whether point-to-point

comparison can be more reliable than comparison per segment. The

amount of wall shear stress data fromCFD is typically large, especially

when comparing profiles changing over the time. Selecting an effect-

ive method to present the data such as the use of a histogram,100,123

which can also be in a form of a cumulative curve, is important

(Supplementary material online, Appendix A, Figure A5).

Main recommendations for ‘wall shear
stress in stents’
• Macroscopic flow patterns are determined by global vessel geom-

etry, and microscopic flow pattern governed by stent struts. Both

play important roles in determining wall shear stress distribution in

stented vessels.
• High-resolution computational mesh generation is a key element

to adequately capture the flow pattern, especially the micro-scale

Figure 6 Overview of micro flow environment around a stent strut (left) and the resulting high and low wall shear stress regions around the strut

(right).
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features. Depending on the type of elements used, approximately

ten elements are needed to discretize the height of a stent strut.
• The macroscopic effect of blood particles may be considered by

incorporating non-Newtonian blood models. More physiologically

realistic models of blood particles are needed to study the effect

of individual particles, but such simulations still require unrealistic-

ally high computational demand.

Clinical applications

In vitro and in vivo animal studies demonstrate that wall shear stress is

a potent modulator of endothelial function and influences the devel-

opment of atherosclerosis.124 As such, the major clinical interest in

wall shear stress arises from its ability to identify patients at risk for fu-

ture cardiovascular events or complications after stent placement.

Many investigators have tackled this complex problem using various

simulation techniques described above. Although several clinical

CFD studies seem to reflect the observations of in vitro and animal

experiments, findings in human patients are far from unanimous or

clear-cut. This section summarizes clinical literature and steps that

may be undertaken to propel CFD analysis into clinical application in

the future. Supplementary material online, Appendix B contains tables

that synopsize the clinical studies in native arteries (Supplementary

material online, Table B1) and stented arteries (Supplementary ma-

terial online, Table B2).

Wall shear stress in human native
coronaries
A large body of studies has investigated wall shear stress in relation

to coronary plaque morphology in native coronary arteries.

Intravascular ultrasound-based CFD studies have associated low wall

shear stress with enlargement of plaque area and necrotic core,73,125

increased plaque eccentricity,126 and reduction in lumen and vessel

area.25,127 Studies have also correlated high wall shear stress with

progression of necrotic core and dense calcium in addition to regres-

sion of fibro-fatty and fibrous tissues.73,128 The co-existence of high

plaque burden both with low and high wall shear stress values

improves prediction of plaque progression and vulnerability, respect-

ively.25,129 Optical coherence tomography-based CFD studies have

similarly shown that low wall shear stress is correlated with a higher

prevalence of lipid, with thinner fibrous caps113,130 along with higher

macrophage density and more superficial calcification.130

The largest trial examining wall shear stress in relation to clinical

events was an IVUS-based analysis of 506 Japanese patients showing

that low wall shear stress was able to predict lesions progressing to

require percutaneous coronary intervention (PCI) during the 6–10

months of follow-up period.25 Notably, however, most of these

interventions (n=39/53, 74%) occurred in asymptomatic patients

treated for angiographic progression during protocol-mandated fol-

low-up coronary imaging. Despite the relatively large number

of patients studied, the number of symptomatic clinical events was

too low to infer relationships with wall shear stress.

An alternative approach has been to retrospectively study patients

with symptomatic clinical events. A recent post hoc CFD analysis of

patients from the Providing Regional Observations to Study

Predictors of Events in the Coronary Tree (PROSPECT) study

compared baseline wall shear stress in patients with non-culprit pla-

ques leading to major adverse cardiovascular events (MACE) with

patients that did not develop MACE during 3.4 years of clinical fol-

low-up.131 The investigators demonstrated that the presence of low

wall shear stress was significantly associated with the development of

non-culprit MACE. In the presence of >_2 anatomic risk factors such

as high plaque burden, smaller minimal lumen area, or thin cap fibroa-

theroma morphology, lesions with low wall shear stress had a 3-year

MACE rate of 52.1% compared to lesions with <2 anatomic risk fac-

tors and low wall shear stress (14.4%), vs. 0% in lesions with physio-

logic or high wall shear stress regardless of anatomic risk factors.

These results suggest that low wall shear stress is important for clinic-

ally significant plaque progression, and that low wall shear stress in-

crementally improves the positive predictive value to identify

patients at risk for future clinical events. However, the investigators

were careful to point out that not all plaques with low wall shear

stress developed MACE, and that it remains unclear which individual

lesions will progress to cause clinical events.

The role of high wall shear stress is also gaining more interest in re-

cent years. Intravascular ultrasound-based CFD studies of ruptured

culprit plaques have demonstrated a strong correlation between

focal elevation in wall shear stress and the site of plaque rup-

ture.132,133 An OCT-based CFD analysis of a single case demon-

strated similar results.134 Spatial co-localization cannot serve as

evidence of causality; however, these studies suggest that identifying

high wall shear stress over vulnerable atheroma may improve detec-

tion of plaques prior to rupture. A CTCA-based CFD study also

showed that high wall shear stress had an incremental value over lu-

minal narrowing in discriminating high-risk plaques.64 The probability

of high-risk plaques increased at both extremes of wall shear stress

with the lowest at the physiological range of wall shear stress

(�40 dyne/cm2). The Exploring the Mechanism of Plaque Rupture in

Acute Coronary Syndrome Using Coronary CT Angiography and

Computational Fluid Dynamics (EMERALD) study analysed 72

patients with clearly documented acute coronary syndrome (ACS)

and available CTCA acquired between 1month and 2 years before

the development of ACS and showed that the non-invasive haemo-

dynamic assessment including wall shear stress enhanced the identifi-

cation of high-risk plaques that subsequently caused ACS. In that

study, the average wall shear stress of 66 culprit lesions were signifi-

cantly higher than that of 150 non-culprit lesions.135 These findings

were recently corroborated in a small cohort of the FAMEII trial, in

which it was shown that high wall shear stress in the upstream part of

a plaque contributed to the prognostic value of FFR to predict MI.136

Despite evidence correlating wall shear stress with atheroscler-

osis, advances on several fronts will be necessary if wall shear stress is

to be used for identification of future culprit lesions. The most obvi-

ous and important one is the need for large, prospective, image-

based clinical CFD studies evaluating hard clinical endpoints along

with plaque morphology. However, since wall shear stress as it is cur-

rently determined does not contribute with sufficiently high sensitiv-

ity or specificity to accurately predict clinically significant progression

of atherosclerotic plaques, additional methodological advances will

also be necessary.

The use of high-resolution and multiple hybrid imaging modalities

may provide additional information about how fluid dynamic meas-

ures relate to vascular pathophysiology. Improved imaging may also

Expert recommendations on the assessment of wall shear stress in human coronary arteries 3431
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aid arterial reconstructions through more detailed lumen/vessel

geometry and facilitate the incorporation of side branches. In terms

of CFD methodology, advances may include routine use of pulsatile

flow conditions, non-Newtonian rheological models of blood, and

complementary or novel fluid dynamic parameters. Naturally, on-

going improvements in computing power and streamlining of work-

flows are also expected to improve the online clinical application of

these techniques.

Ultimately, with further advances it is anticipated that clinical CFD

analyses will emerge as one of many diagnostic and prognostic tools

in clinical practice. Regulatory bodies around the world have also in-

creasingly acknowledged the importance of streamlining the approval

process for new technologies, evidenced, for example, by the UK’s

Accelerated Access Review pathway. The development and approval

of FFRCT illustrates how wall shear stress analyses may similarly navi-

gate the regulatory approval process as sufficient clinical data sup-

porting their use emerges.

In terms of CFD simulation to calculate wall shear stress, another

question remains how to use this data: clinicians must be prepared

with the appropriate treatments. If future culprit lesions can be reli-

ably identified, prospective treatment strategies theoretically include

a combination of risk stratification, lifestyle management, systemic

and/or targeted drug therapy, ‘preventative’ PCI, or any number of

other interim developments.Work in this area is underway, but opti-

mal strategies have yet to be defined. Given the small but non-trivial

risk associated with PCI and stent/scaffold placement, pre-emptive

interventional treatment has been difficult to justify thus far.

However, prospective studies randomizing patients to various non-

invasive pre-emptive treatments based on their CFD profile should

be considered to identify the ideal treatment of future culprit lesions.

Main findings from clinical trials: wall
shear stress in native arteries
• Both low and high wall shear stress have been associated with

aspects of plaque progression and vulnerability by clinical imaging

studies, but the precise relationships remain unclear and studies

are sometimes contradictory.
• Low wall shear stress has been associated with future angiographi-

cally driven revascularization and non-culprit MACE.
• High wall shear stress has been associated with future myocardial

infarctions.

Wall shear stress in stents
Treatment of coronary stenosis by PCI through the implantation of

metallic or polymeric devices by definition induces flow alterations.36

Patient, device, and procedural factors all play a role in the final

macro- and micro-environmental flow profile.137 The advent of

patient-specific blood flow simulations has been instrumental in char-

acterizing local haemodynamics of stented regions to better under-

stand device healing and complications such as restenosis and

thrombosis.138

At the macroenvironment, several geometric modifications occur

after PCI that have a direct implication for the wall shear stress pat-

tern. A step-up phenomenon in lumen area, frequently observed at

the inflow of the treated region, alters the flow and has been associ-

ated with areas of low wall shear stress. In contrast, at the distal seg-

ment of the stented region a decrease in lumen area or step-down

increases shear stress.139 The clinical consequence of this kind of

shear stress pattern has not been completely understood; however,

several studies have linked low wall shear stress to neointimal hyper-

plasia formation after bare metal stent (BMS) implantation.140 Low

wall shear stress might trigger vascular smooth muscle migration,

proliferation, and matrix formation which may lead to in-stent

restenosis.141

Stent under-expansion has been shown to be associated with in-

stent restenosis and thrombosis and also influence wall shear stress

distribution,24 with areas of high wall shear stress at the upstream

and low wall shear stress at the downstream of the under-expanded

region. Stent mal-apposition, another consequence of a sub-optimal

implantation, was found to impact wall shear stress and arterial heal-

ing. Strut detachment from the vessel wall >100mm induces flow dis-

turbances affecting strut coverage at mid-term follow-up.116

At the microenvironment level, the interaction among stent struts,

a denudated vessel wall and blood components may play a role as a

substrate for stent thrombosis.142 Refinements of the 3D reconstruc-

tion techniques for CFD simulations, using high-definition images

from OCT made possible to investigate the impact of stent design

and strut thickness in vivo. The wall shear stress distribution was

found to fluctuate amongst the different region of the stent

struts.23,143 In front or at the inflow of the strut, areas of moderate to

high wall shear stress have been described. At the top of the struts,

high wall shear stress values have been correlated with shear-

mediated activation of platelets and activation of von Willebrand fac-

tor.144 Behind the struts, low wall shear stress with areas of recircula-

tion promotes platelet aggregation which may predispose to

thrombus formation and stent thrombosis in an endothelium acti-

vated by injury.23,143 The magnitude of the blood flow alterations has

been shown to be dependent on the height and thickness of the de-

vice struts.142,145

A sub-optimal wall shear stress immediately after stenting may

serve for risk stratification based on CFD. It has been shown that, in

wide range of follow-up period (n=36, median 8.0 years, 0.4–

16.7 years), the low wall shear stress immediately after stent implant-

ation can be a predictor of neoatherosclerosis.146 Here, the wall

shear stress was quantified on vessel wall without reconstructing the

actual stent strut structure and averaged wall shear stress over vessel

wall segment was used in the analysis. This implies that wall shear

stress on a smoothed lumen geometry after initial endotheliarization

post-stent implantation can serve as a predictor, in cases of adequate

stent expansion and strut apposition.

Several meta-analyses have demonstrated that first-generation

metallic stents made from stainless steel and with thick-strut

(>140mm) are associated with worse clinical outcomes as compared

to newer thinner strut drug-eluting stent (DES) (<100mm).147,148

Moreover, the advent of new-generation stents with reduced strut

thickness has decreased the rates of in-stent restenosis and throm-

bosis.148 Although, newer and thinner platforms exhibit enhanced

haemodynamic profile and reduced blood flow alteration, the im-

provement in clinical outcomes cannot be attributed solely to the

strut thickness but rather to a combination of improved polymer bio-

compatibility, newmetallic alloys, and better stent design.

The field of CFD has allowed us to better understand the impact

of coronary devices on blood flow disturbances and their consequen-

ces on arterial healing after PCI.138 In the 2016 report, the Federal

3432 F. Gijsen et al.
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and Drug Administration (FDA) recommended computational mod-

elling of coronary stents as a tool to guide developments in the

field.149 The increasing amount of evidence correlating wall shear

stress with arterial healing, neointimal formation, and thrombotic risk

may translate CFD to clinical practice. The exponential growth of

computer technology and expertise of bioengineers and clinicians

have the potential not only to improve stent designs but also to guide

stent deployment and ultimately PCI. Optical coherence tomography

3D lumen reconstruction after stenting with automatic evaluation of

mal-apposition can be performed online. The combination with CFD

for online wall shear stress assessment in stented regions to optimize

stent deployment may be feasible in the near future. Nevertheless,

clinical studies addressing the incremental value of the integration of

CFD and wall shear stress are warranted. A number of clinical studies

are ongoing to investigate the focal and potentially more global

effects of adverse wall shear stress after stenting on device healing.

These include the Shear Stent study (NCT02098876), Absorb III

Imaging Sub-study (NCT01751906), and the ISR Flow study.

Main findings from clinical trials: wall
shear stress in stents
• Neointimal thickness has been shown to be inversely correlated

to wall shear stress.
• Low wall shear stress after BMS implantation was associated with

neointimal hyperplasia formation. However, after DES low wall

shear stress does not correlate with in-stent hyperplasia.
• After bioresorbable scaffold implantation, low wall shear stress

promotes neointimal hyperplasia and contributes to scaffold heal-

ing with normalization of wall shear stress.
• There is an inverse association between baseline wall shear stress

and the incidence of neoatherosclerosis in both BMS and DES.

Concluding remarks

Wall shear stress affects endothelial function, plaque progression,

vascular remodelling, and arterial healing after PCI. Since wall shear

stress cannot be measured directly in human coronary arteries, we

solve the Navier–Stokes equations describing the motion of a fluid,

using CFD. The results of CFD are greatly affected by the quality of

the input data, especially the 3D geometrical data of the coronary ar-

tery lumen. In this article, we reviewed critically the proposed meth-

odologies applied to obtain reproducible and reliable wall shear

stress maps. Advances in methodologies integrating angiography or

CTCA with intravascular imaging and improvements in computing

power have enabled us to simulate wall shear stress in both native

and stented coronary arteries. Currently, CFD is already applied in

various clinical applications, mainly to compute pressure drop and

determine FFR. The increasing amount of evidence correlating wall

shear stress with e.g. neointimal formation and thrombosis can trans-

late wall shear stress analyses into clinical practice. For example, we

can evaluate the impact of the scaffold design, in particular of the strut

thickness and shape and the alignment of strut connectors, on the

local haemodynamic forces with these techniques. Apart from appli-

cation in stented arteries, we also envision application of wall shear

stress metrics in native arteries. One could for instance generate wall

shear stress maps of all the coronary vessels, much like currently is

done for FFRCT, subdivide these maps into regions labelled according

to the levels given in Table 1, and use these maps to predict location

of plaque progression and plaque rupture. Although we acknowledge

that additional clinical research is needed to identify the predictive

strength of wall shear stress in atherosclerosis and stented segments,

we expect that with further advances in imaging and computational

power CFD analyses will be available as one of the major diagnostic

and prognostic tools in routine clinical practice.

Supplementary material

Supplementary material is available at European Heart Journal online.
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