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Abstract—Blood flow in the aorta is often assumed laminar,
however aortic valve pathologies may induce transition to
turbulence and our understanding of turbulence effects is
incomplete. The aim of the study was to provide a detailed
analysis of turbulence effects in aortic valve stenosis (AVS).
Methods—Large-eddy simulation (LES) of flow through a
patient-specific aorta with AVS was conducted. Magnetic
resonance imaging (MRI) was performed and used for
geometric reconstruction and patient-specific boundary con-
ditions. Computed velocity field was compared with 4D flow
MRI to check qualitative and quantitative consistency. The
effect of turbulence was evaluated in terms of fluctuating
kinetic energy, turbulence-related wall shear stress (WSS)
and energy loss.
Results—Our analysis suggested that turbulence was induced
by a combination of a high velocity jet impinging on the
arterial wall and a dilated ascending aorta which provided
sufficient space for turbulence to develop. Turbulent WSS
contributed to 40% of the total WSS in the ascending aorta
and 38% in the entire aorta. Viscous and turbulent irre-
versible energy losses accounted for 3.9 and 2.7% of the total
stroke work, respectively.
Conclusions—This study demonstrates the importance of
turbulence in assessing aortic haemodynamics in a patient
with AVS. Neglecting the turbulent contribution to WSS
could potentially result in a significant underestimation of the
total WSS. Further work is warranted to extend the analysis
to more AVS cases and patients with other aortic valve
diseases.

Keywords—Aortic valve stenosis, Large-eddy simulation,

Computational fluid dynamics, Turbulence, Kinetic energy,

Wall shear stress, Energy loss.

ABBREVIATIONS

AVS Aortic valve stenosis

LES Large-eddy simulation

MRI Magnetic resonance imaging

WSS Wall shear stress

TAWSS Time-averaged wall shear stress

TKE Turbulence kinetic energy

KE Mean kinetic energy

RMS Root-mean-square

INTRODUCTION

Aortic valve disease is a condition in which the

aortic valve exhibits limited functions due to damage

or pathological degradation, primarily affecting the

elderly population.31 Aortic valve stenosis (AVS) is a

type of valve disease and is defined by a narrowing of

the valve during systole such that the valve leaflets do

not open fully, restricting blood flow to the aorta and

affecting stroke work.12 Left untreated, aortic valve

disease can lead to numerous secondary diseases

including ascending aorta dilatation, aneurysm,

atherosclerosis and left ventricular hypertrophy

amongst others.13,30,36 It has been suggested that

localised high wall shear stress (WSS) as a result of a

high-velocity jet impinging on the ascending aortic wall

is likely to cause progressive thinning and weakening

of the aortic wall.42
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Haemodynamics in the aorta is complex, exhibiting

sophisticated interactions between primary and sec-

ondary flow features. Aortic valve diseases may add to

this complexity by inducing transition to turbulence in

the aorta37—a process that is not yet well understood.

Several recent studies have estimated turbulence pro-

duction in the aorta by means of 4D flow magnetic

resonance imaging (MRI).7,16,21 Although promising,

4D flow MRI has limited spatial and temporal reso-

lutions, compromising the accuracy of parameters

derived from spatial gradients of measured velocities.

On the other hand, extensive numerical studies of

aortic haemodynamics have been reported, but only a

few considered laminar-to-turbulence transition in the

aorta,3,4,23,24,27,45 especially in the presence of aortic

valve pathologies in patient-specific settings.46

Large-eddy simulation (LES) is a numerical method

which directly resolves large scale velocity fluctuations

and consequently, is capable of modelling laminar,

transitional and turbulence features. LES methodolo-

gies have been successfully used in biologically relevant

studies of idealised25,39 and patient-specific22–24,45,46

geometries which focused on accurately predicting flow

features in transitional flows. Numerical results from

our previous study of transitional flow25 were bench-

marked against experimental laser Doppler velocime-

try and particle image velocimetry measurements,

demonstrating the suitability of LES in capturing

challenging flow characteristics relevant to arterial

haemodynamics.

Lantz et al.24 conducted LES of flow through a

healthy adult aorta with a Reynolds number of up to

6500 at peak systole, where they decomposed WSS into

phase-averaged and fluctuating components; allowing

for the quantification of turbulent WSS. In disturbed

regions they found that point-wise turbulent WSS

could exceed phase-averaged WSS during part of sys-

tole, highlighting the importance in considering tur-

bulence features. The same authors23 also conducted

LES analysis of a patient with an aortic coarctation;

pre- and post-intervention, to understand the effects of

aortic coarctation on turbulence formation. They

found elevated levels of turbulence throughout the

systolic phase with the turbulence kinetic energy being

an order of magnitude smaller than the phase-averaged

kinetic energy. Miyazaki et al.27 validated pseudo pa-

tient-specific LES simulations of a healthy adult aorta

and a child aorta with double aortic arch, using 4D

flow MRI. The authors quantitatively compared

velocities using statistical methods and assessed phase-

averaged WSS and viscous energy losses, although

turbulence-related parameters were not included in the

study. Xu et al.46 compared LES and laminar simula-

tions for three patient-specific aortas with dilation and

different aortic valve morphologies; they found little

difference in large-scale flow parameters with laminar

simulations underpredicting time-averaged WSS by up

to 5%. The authors observed largest differences in

localised regions of highly disturbed flow—particularly

in the aorta with severe aortic stenosis—although

turbulence-based metrics were not quantified.

Disturbances may be present in normal and diseased

aortas and our understanding of turbulence effects is

incomplete, especially in the context of aortic valve

diseases. This study aims to fill this gap by conducting

a comprehensive analysis of flow through a patient-

specific aorta with aortic valve stenosis using LES. The

primary objectives are to understand the conditions

under which flow transitions to turbulence, and to

evaluate the effects of turbulence on kinetic energy,

wall shear stress and stroke work. MRI data are used

to provide patient-specific boundary conditions and

for comparison with the computational results.

MATERIALS AND METHODS

Computational Model and Numerical Method

Under pulsatile conditions flow may exhibit lami-

nar, transitional and turbulence features all within a

cardiac cycle. A numerical approach using LES is

deemed most suitable due to its capability in capturing

the complete range of flow states. The spatially filtered

Navier–Stokes equations for an incompressible fluid

are given by the filtered continuity and momentum

equations
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where ui is the velocity, p the pressure, q the density

and m the kinematic viscosity. An implicit LES

numerically resolves the large scales of flow (denoted

by the overbar) using a filter width determined by the

mesh size; whilst modelling the smaller, unresolved

scales using a subgrid-scale model.35 The subgrid-scale

term sij is given by

sij �
1

3
skkdij ¼ �2mT �Sij ð3Þ

where �Sij ¼
1
2
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is the strain-rate tensor of the

resolved velocity field and mT is the modelled eddy-

viscosity. We have selected the wall-adapting local

eddy viscosity29 (WALE) model due to its proper cubic

near wall behaviour

mT ¼ CWDð Þ2DW uð Þ ð4Þ
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where CW ¼ 0:325 is the constant model coefficient, D

is the filter width, DW is an operator specific to the

WALE model and Sd
ij is the traceless, symmetric part of

the square of the resolved velocity gradient tensor.

Numerical simulations were performed using the open

source finite volume software; OpenFOAM. Fluid

properties are representative of blood with a density of

1060 kg/m3 and a dynamic viscosity of 0.0035 Pa s.

Temporal discretisation was achieved using a second-

order implicit backwards Euler scheme17 and spatial

discretisation was achieved using a second-order cen-

tral differencing scheme (Gauss). Simulations were

converged to a normalised residual of 1e�5 at each

time-step for velocity and pressure. The LES method-

ology was previously implemented and validated in a

study of transitional flow in an idealised medical device

and was capable of capturing the processes of laminar

to turbulence transition.25

Vessel walls were assumed rigid with a no-slip

boundary condition. A three-element Windkessel

model44 was imposed at the three branch and

descending thoracic aorta outlets. The Windkessel

parameters were calculated using measured blood

pressures and flow rates as described in Reference 32.

A list of the parameters used in this study can be found

in Supplementary Material.

Computational Mesh

Three structured meshes; M1, M2 and M3 consist-

ing of 3.4, 7.4 and 14.3 million cells respectively were

generated; each with mean cell heights of 0.79, 0.53

and 0.43 mm. A mesh sensitivity study was conducted

at peak systolic flow, where both peak values and

largest velocity fluctuations are expected to occur.

Mean WSS, turbulent WSS and turbulence kinetic

energy (TKE) were analysed to assess mesh sensitivity,

with parameters integrated over the entire simulated

geometry as well as the ascending aorta where flow is

most likely to be disturbed. Relative to the finest mesh

M3, the coarsest mesh M1 showed a maximum dif-

ference of 10.6% across all parameters investigated,

whilst mesh M2 showed a maximum difference of

2.3%. The contribution of the subgrid-scale model to

the LES simulation can be quantified by taking the

ratio of modelled to total TKE. In the ascending aorta,

meshes M1, M2 and M3 had contributions of 7.5, 4.9

and 3.7%, indicating that the majority (at least 92.5%)

of the flow field was resolved in all meshes. Mesh

characteristics and a complete comparison of the

parameters analysed are given in Supplementary

Material. Based on the results, mesh M2 was deemed

sufficiently resolved and has been used for the

remainder of the study.

A time-step sensitivity analysis was then conducted

on mesh M2 and three time-steps of 1e�3, 2e�4 and

1e�4 s were considered. The same parameters used in

the mesh sensitivity study were compared and found

that a time-step of 2e�4 s was suitable, with errors less

than 1% relative to the smallest time-step. This time-

step ensured a mean Courant–Friedrichs–Lewy (CFL)

number less than 1 throughout the cardiac cycle.

Data Acquisition and MR Image Processing

A patient with severe aortic valve stenosis was re-

cruited from St Bartholomew’s Hospital (London,

UK) and 4D flow MRI was performed on a Siemens

3T scanner at Hammersmith Hospital (London, UK).

The study received ethical approval from the Health

Research Authority and Regional Ethics Committee

(17/NI/0160) and was sponsored by the Imperial Col-

lege London Joint Research and Compliance Office, as

defined under the sponsorship requirements of the

Research Governance Framework (2005). Magnetic

resonance (MR) scans were cardiac and breath gated

to reduce interference effects and optimise image

quality. Images were acquired in the standard aortic

aligned axis. Central aortic pressure measurement was

acquired using a brachial cuff connected to a purpose-

built device with a specialised algorithm (Sphygmacor,

AtCor Medical, Sydney, Aus).

MR images (voxel size 0.74 9 0.74 9 1.5 mm) were

used to reconstruct the 3D patient-specific aortic

geometry which included the thoracic aorta and arch

branches using Materialise Mimics (v20.0, Materialise,

Leuven, Belgium). The model inlet was placed in the

ascending aorta, just downstream of the sinotubular

junction. 4D flow MRI voxel size was 2 9 2 9 2 mm

and 20 time points were reconstructed per average

cardiac cycle. Anterior-posterior, foot-head and right-

left velocity components were acquired with velocity

encoding parameters (VENC) set to 2.2, 3 and 3 m/s,

respectively. The three components of velocity were

extracted from 4D flow MRI at the model inlet using

an in-house MATLAB code.33 These values were

interpolated onto the computational inlet mesh, pro-

ducing 3D velocity profiles over the entire cardiac cycle

representative of the patient data. The reconstructed

geometry, inlet velocity contours and flow waveform

are shown in Fig. 1.
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Numerical Convergence

Due to the highly unsteady nature of turbulent

flows, a sufficient number of cardiac cycles must be

simulated to ensure statistical convergence of turbu-

lence parameters. The phase-average operator �h i of a
given variable / is calculated as

/h i x; tð Þ ¼
1

N

X

N�1

n¼0

/ x; tþ nTð Þ ð6Þ

where N is the total number of cardiac cycles, T is the

period of the cardiac cycle and t is a specified time

within a cycle, e.g., peak systole. For disturbed pul-

satile flows, the phase-average provides the correct

representation of a variable at any given time in the

cardiac cycle. Figure 2 shows the running phase-aver-

aged kinetic energy (KE) and TKE integrated over the

ascending aorta at peak systole. Relative to the phase-

FIGURE 1. Pre-processing of the computational model. Top: 3D reconstruction of the aorta and flow waveform with key time
points. Bottom: Reconstructed aorta cut at inlet and outlet planes, and 3D velocity contours at key times throughout the cardiac
cycle.

FIGURE 2. Running phase-average of mean kinetic energy
(KE) and turbulence kinetic energy (TKE), integrated over the
ascending aorta at peak systole.
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average over 30 cardiac cycles (n = 30), the KE and

TKE converge to less than 1% error by the 9th and

23rd cardiac cycle, respectively. Similar analysis of the

phase-averaged and turbulent wall shear stresses found

errors less than 1% by the 8th and 23rd cycles,

respectively. As such, 30 cardiac cycles were deemed

more than sufficient for statistical convergence of both

mean and turbulence parameters. Results were anal-

ysed in terms of kinetic energy, wall shear stress and

energy loss, by making use of the full 30 cardiac cycles.

In total 31 cardiac cycles were simulated, with the first

cycle neglected in order to eliminate initialisation ef-

fects.

Post-processing of Results

An instantaneous variable subjected to disturbances

can be decomposed into phase-averaged and fluctuat-

ing components using a method similar to Reynolds

decomposition

/ x; tð Þ ¼ /h i x; tð Þ þ /0
x; tð Þ ð7Þ

where the phase-averaged component is given by

Eq. (6) and the fluctuating component is defined as the

root-mean-square (RMS) of the instantaneous and

phase-averaged fields.

/0
x; tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Note that by the definition of RMS, /0 already

represents the phase-average. The treatment of any

given variable, as described in Eqs. (6–8) will form the

basis for subsequent post-processing, with all param-

eters representing the phase-average unless stated

otherwise. Kinetic energies of the phase-averaged and

fluctuating velocity components are defined respec-

tively as

KE ¼
q

2

X

i

uih i2 Pa½ � ð9Þ

TKE ¼
q

2

X

i

u0
2
i Pa½ � ð10Þ

where uih i is the phase-averaged velocity component

i ¼ 1; 2; 3ð Þ and u0i is the fluctuating velocity compo-

nent. Equations (6–8) can be applied to the instanta-

neous WSS, resulting in phase-averaged (laminar)

WSS and fluctuating (turbulent) WSS. Integrating any

of the properties over the full cardiac cycle results in a

cycle-average, referred to as the time-average (e.g.,

time-averaged wall shear stress).

�/ x; tð Þ ¼
1

T

Z

T

0

/h i x; tð Þdt ð11Þ

The rate of energy loss can be estimated by inte-

grating the viscous dissipation function over the vol-

ume of the aorta.

_EL ¼
l
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where l is the dynamic viscosity. Turbulent dissipation

can similarly be calculated by replacing ui;j
	 


with u0i;j
in Eq. (12). Integrating the viscous and turbulent dis-

sipation over the cardiac cycle gives the net viscous and

turbulent energy losses, EL (Joule), respectively.

All simulations were performed on 180 cores using

the Cirrus UK National Tier-2 HPC Service at EPCC.

Results were post-processed using Paraview.

RESULTS

Comparisons Between LES Predicted and 4D Flow MRI

Measured Velocities

Qualitative and quantitative comparisons of veloc-

ities obtained with LES and 4D flow MRI were made

to assess the reliability of the numerical results. Fig-

ure 3 shows the respective velocity contours at a plane

in the ascending aorta at three time points in the sys-

tolic phase, as well as velocity magnitude streamlines at

peak systole. A good qualitative agreement is observed

between 4D flow MRI and LES for all velocity com-

ponents at each time point. Large-scale flow features

are also similar between the two data sets; these include

the skewed jet from the stenosed aortic valve impinging

on the anterior vessel wall (denoted by the triangle in

Fig. 3) and localised regions of helical flow (denoted by

the stars). Further comparisons of velocity contours in

the descending aorta during the systolic phase are

presented in Supplementary Material.

For quantitative comparison of the LES results and

4D flow MRI, we used the Pearson’s correlation

method which gives a normalised measure of the

covariance of two variables, quantifying the linearity

between two datasets.28 This statistical approach is

commonly employed in biomedical image-based

research1,2 and has been used to compare 4D flow

MRI measured velocities to numerical predictions and

experimental data.27,34 In this study we calculated the

Pearson’s product-moment correlation coefficient (R)

for the velocity field in both the entire aortic fluid

domain as well as the ascending aorta where disturbed

flow may occur. In general, largest differences between
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FIGURE 3. Comparison of velocity contours and streamlines between 4D flow MRI and LES results. Velocity contours (top)
shown are at a plane in the ascending aorta as indicated, plotted over three time points corresponding to systolic acceleration,
peak systole and systolic deceleration. The three components of velocity are anterior-posterior (AP), foot-head (FH) and right-left
(RL) which correspond to x, y, z co-ordinates respectively. Velocity magnitude streamlines (bottom) are at peak systole. Stars and
triangles denote regions of interest.
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MRI and LES are observed at peak systole,6,34 there-

fore peak systole was selected for comparison. Owing

to the different spatial resolutions of 4D flow MRI and

LES, the LES velocity field was down sampled to the

4D flow MRI resolution allowing a pixel by pixel

evaluation, as recommended in Reference 34.

R values for the three phase-averaged components

of velocity at peak systole are summarised in Table 1.

An R value greater than 0.7 indicates a high positive

correlation28 and all velocity components in this study

show correlation values greater than 0.83 in the

ascending aorta and greater than 0.74 in the full aorta,

indicating a strong correlation between the LES pre-

dicted and MRI measured velocities. Correlation plots

for velocities in the ascending aorta are shown in

Fig. 4. Despite the high correlations observed, there

are numerous reasons why the correlation is not even

better. Low velocity regions are difficult to compare

due to the signal-to-noise ratio in 4D flow MRI lim-

iting accurate measurement of low fluid velocities. MR

imaging used to reconstruct aortic geometry and 4D

flow MRI were acquired at different times causing

registration mismatch; effectively this means that the

velocity field and aortic geometry are not perfectly

aligned. Lastly, the lower spatial resolution of 4D flow

MRI causes further complications including; projec-

tion errors and poor near wall resolution leading to

differences between the two methods. The latter is

further exacerbated by voxel averaging during image

acquisition which dampens velocity gradients. The

TABLE 1. Pearson correlation coefficients (R).

Region R uxh ið Þ R uy
	 
� �

R uzh ið Þ

Ascending aorta 0.87 0.83 0.85

Entire aorta 0.85 0.74 0.77

Pearson correlation coefficients (R) for the three components of

phase-averaged velocity in the ascending aorta (top row) and

entire aortic fluid domain (bottom row).

FIGURE 4. Correlation between 4D flow MRI and LES in the ascending aorta at peak systole. The ascending aorta region is
highlighted in red and the phase-averaged velocity components are anterior-posterior (AP), foot-head (FH) and right-left (RL) which
correspond to x, y, z co-ordinates respectively.
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interested reader is referred to Reference 34, where

these limitations are discussed thoroughly.

Kinetic Energy

Kinetic energy in a fluid domain can be decomposed

into phase-averaged (KE) and turbulence (TKE)

components. Phase-averaged kinetic energy is a func-

tion of the phase-averaged velocity in a fluid and as

such, can be used to identify high energy regions that

are associated with large scale/dominant flow features;

such as high velocity blood entering the ascending

aorta during systole. Turbulent kinetic energy is asso-

ciated with eddies in disturbed flows and can be used to

quantify the level of turbulence. TKE has been com-

monly used to assess turbulence effects in the

aorta.4,23,40,43 Figure 5 shows volume renderings of

KE (top row) and TKE (bottom row) at three time

points in the cardiac cycle, and Fig. 6 shows KE and

TKE spatially averaged over the entire aorta and

ascending aorta.

There are high levels of KE and TKE in the

ascending aorta and arch throughout the systolic

phase, with peak KE an order of magnitude higher

than TKE. Localised regions of high TKE generally

coincide with regions of high KE, as can be seen in

Fig. 5. From diastole through early systole, both KE

and TKE are small and of comparable magnitudes

(not shown). Spatially averaged values over the

ascending aorta show a maximum average KE of 330

Pa at 0.24 s (peak systole) and a maximum average

TKE of 62 Pa at 0.39 s (end systole) (Fig. 6). At end

systole KE rapidly decreases whilst spatially averaged

TKE peaks. It is not until diastole that turbulence

steadily dissipates. Smallest values of KE and TKE are

found during early systole and systolic acceleration,

respectively.

Wall Shear Stress

Wall shear stress is a measure of the shear force

exerted on the arterial inner surface and has been

correlated to the onset and progression of arterial

diseases.13,15 In numerical simulations of biological

flows, wall shear stress is typically averaged in time to

represent the mean shear load over time. Similar to

FIGURE 5. Volume rendering of mean and turbulence kinetic energies at (left to right) systolic acceleration, peak systole and mid-
systolic deceleration. Note the different ranges for KE and TKE.
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previous LES studies of the aorta,3,24 we decomposed

WSS into phase-averaged (laminar) and fluctuating

(turbulent) components to better understand both the

total shear force exerted on the wall as well as the

contribution from near wall disturbances.

Surface contours of laminar and turbulent WSS at

four key times throughout the cycle are shown in

Fig. 7. Elevated values of turbulent WSS are present

from late systolic acceleration through mid-diastole. In

the ascending aorta, laminar and turbulent WSS are

small during early systolic acceleration and increase

rapidly in later systolic acceleration. Figure 8 shows

the phase-averaged laminar, turbulent and total WSS

over the cardiac cycle, spatially averaged over the en-

tire aortic fluid domain (a) and averaged over the

ascending aorta (b); where regions of highest WSS are

present. Spatially averaged WSS components reach

maximum values of 11 Pa (laminar) and 6 Pa (turbu-

lent) in the ascending aorta both at peak systole,

resulting in a total peak WSS of 17 Pa (Fig. 8a). At this

point in the cardiac cycle, laminar and turbulent WSS

start to exhibit different behaviours; laminar WSS

steadily decreases during systolic deceleration whilst

turbulent WSS shows a small decrease from the peak

value but remains mostly constant. At end systole,

laminar and turbulent WSS reach the same magnitude

of 4 Pa. During diastole both stresses decrease gradu-

ally to ~ 1 Pa and turbulent WSS is marginally larger

than laminar WSS. Similar trends are observed for

WSS spatially averaged over the entire aorta (Fig. 8b),

except for WSS magnitudes which are smaller owing to

lower energy flows reaching the descending aorta as

can be seen from the kinetic energies in Fig. 5.

Figure 8c shows the time-averaged wall shear stress

(TAWSS) components spatially averaged over the en-

tire aorta and the ascending aorta alone. Turbulent

TAWSS account for 40% of the total TAWSS in the

ascending aorta and 38% in the entire aorta. The total

TAWSS spatially averaged over the entire aorta and

ascending aorta is 3.8 and 7.0 Pa, respectively.

Energy Loss

The energy required to maintain proper cardiac

function, known as the stroke work, can be estimated

from a patient’s stroke volume and mean arterial pres-

sure.41For patientswith abnormal flow features, such as

aortic valve stenosis, additional energy is needed to

sustain cardiac function and this additional energy can

be quantified using dissipation. Integrating the dissipa-

tion over a cardiac cycle gives the net energy loss per

cardiac cycle. These energy losses are irreversible,

meaning the energy cannot be recovered and is a direct

measurement of the additional work required of the

heart. Energy loss is a frictional loss and is thework done

by a fluid on its adjacent layers due to shearing forces

which are dissipated intoheat. Indisturbedflows, part of

the total energy loss will be due to friction in the mean

velocity field, known as viscous energy loss and part will

be due to friction in the fluctuating velocity field, termed

turbulent energy loss.

This patient has an estimated stroke work of 1.12

Joules per cardiac cycle and this is calculated using the

4D flow MRI-derived inlet flowrate and the mean

arterial pressure acquired from the same patient. Vis-

cous and turbulence dissipation over a cardiac cycle

account for irreversible net energy losses of 3.9% and

2.7% of the stroke work, respectively, with energy

losses summarised in Table 2. Viscous, turbulent and

total dissipation (Watts) phase-averaged over a cardiac

FIGURE 6. Kinetic energies spatially averaged over the entire aorta (a) and the ascending aorta (b). Plots show the phase-
averaged kinetic energy (KE) and turbulent kinetic energy (TKE). Key times throughout the cardiac cycle are highlighted and refer
to maximum acceleration, peak systole, maximum deceleration, end systole and mid-diastole.

BIOMEDICAL
ENGINEERING 
SOCIETY

MANCHESTER et al.446



FIGURE 7. Surface contours of phase-averaged (laminar) and fluctuating (turbulent) wall shear stress at (top to bottom) systolic
acceleration, peak systole, mid-systolic deceleration and end systole.
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cycle are plotted in Fig. 9 and it can be seen that the

temporal distributions of viscous and turbulent dissi-

pations are notably different. The viscous term

increases rapidly during late systolic acceleration,

peaking at 0.23 W just ahead of peak systole. Viscous

dissipation decreases steadily at a slower rate during

systolic deceleration and further decreases to almost

zero (minimum 0.004 W) during diastole. Turbulent

dissipation is small until late systolic acceleration,

where it increases rapidly to 0.08 W at peak systole.

Turbulence dissipation values remain mostly constant

throughout the remainder of systolic deceleration,

decreasing steadily throughout diastole to small

amounts (minimum 0.007 W).

DISCUSSION

Kinetic Energy

Mean kinetic energy is a product of primary flow

features and as such, is high during systole when flow is

ejected from the left ventricle into the ascending aorta.

KE increases rapidly during systolic acceleration,

reaching amaximum at peak systole and decreases from

FIGURE 8. Wall shear stress components spatially averaged over (a) the entire aorta and (b) the ascending aorta plotted over a
cardiac cycle. (c) Time-averaged wall shear stress spatially averaged over the entire aorta and ascending aorta. Plots show total
wall shear stress alongside laminar WSS and turbulent WSS components. Key times throughout the cardiac cycle are highlighted
and refer to maximum acceleration, peak systole, maximum deceleration, end systole and mid-diastole.

TABLE 2. Net energy loss over a cardiac cycle.

Viscous Turbulent Total Stroke work (J)

Net energy loss (J) 0.043 0.030 0.074 1.12

% of stroke work 3.9% 2.7% 6.6% –
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systolic deceleration to small values during diastole.

Turbulent kinetic energy exhibits different behaviours

throughout the cycle; TKE is small during early systole

and increases rapidly at late systolic acceleration. TKE

remains relatively constant throughout systolic decel-

eration and gradually decreases during diastole.

This patient does not have any pronounced geomet-

rical features that may promote an increase in kinetic

energy (e.g., aortic coarctation, sharp bend at the arch-

descending aorta connection, unusual branch connec-

tions).As such this is a good example to simply assess the

effects of aortic valve stenosis with a dilated ascending

aorta—a common secondary disease in AVS patients.

The primary source of turbulence production is the high

velocity jet from the stenosed aortic valve entering the

dilated ascending aorta, where velocities are low. This

can be visualised in Fig. 4 by the high KE and low TKE

in the jet core during systolic acceleration, but high levels

of TKE in the surrounding shear regions (between jet

and surrounding low velocity blood). This turbulence

production is further amplified by two features; the di-

lated ascending aorta of this patient (an anatomical

feature, providing space for turbulence to develop) and

the highly skewed jet which impacts on the anterior

vessel wall. Turbulence dissipates during diastole owing

to the turbulent energy cascade; a lack of energy entering

the system (aorta) and low kinetic energy in the mean

flow are unable to sustain turbulence.

Wall Shear Stress

During systolic acceleration when turbulence pro-

duction is low, total WSS is dominated by the laminar

component and turbulent WSS is small (Fig. 8). Both

components of WSS increase rapidly during systolic

accelerationwhen the high velocity jet from the stenosed

valve impinges on the arterial wall. During systolic

deceleration, laminar WSS decreases and turbulent

WSS remains relatively constant owing to the additional

time it takes for turbulence features to dissipate. Here,

turbulence occupies the largest spatial region of the

aorta and turbulent WSS values are relatively constant,

accounting for ~ 40% of the total WSS in both the

ascending and entire aorta. Laminar and turbulentWSS

curves intersect in early diastole as mean kinetic energy

rapidly decreases. During diastole, the kinetic energy in

the system is small causing turbulence dissipation and

consequently, turbulent WSS values steadily decrease.

Due to lowkinetic energy levels in the flow, laminarWSS

also decreases at a higher rate during diastole and tur-

bulent WSS exceeds mean WSS.

Regions of high turbulent WSS correspond with

regions of high laminar WSS, with both occurring

where high energy flow travels near the wall (Fig. 7).

Throughout the cardiac cycle turbulent WSS is very

small in the descending aorta (< 0.4 Pa), owing to the

low levels of turbulence which dissipate ahead of the

descending aorta. In the ascending aorta and arch,

turbulent WSS are present throughout most of the

cardiac cycle and are most significant from late systolic

acceleration through mid-diastole.

It is well documented that endothelial cells play an

important role in regulating the biological functions of

the arterial wall. Exposure to high shear stresses for

prolonged periods affects endothelial cell response,

which promotes vascular remodelling and patholo-

gies.13,15 Similarly, endothelial cell response is sensitive

to space-time fluctuations of WSS that occur in dis-

turbed flows. Fluctuating WSS is known to induce

endothelial dysfunction,11,14 whereas high WSS in

aortic valve disease is associated with extracellular

matrix dysregulation and elastic fiber degeneration,8,19

which correlate with impaired tissue biomechanics.

Clearly, aortic valve disease-related WSS parameters

are an important biomarker for developing aor-

topathies. An exact threshold of WSS associated with

developing aortopathies is not available however WSS

values exceeding 3 Pa can be viewed as high15 and may

promote vascular changes. In the ascending aorta,

spatially-averaged laminar WSS reaches 11 Pa at peak

systole and exceeds 3 Pa for 44% of the cardiac cycle

(0.35 s). When considering both laminar and turbulent

contributions, the peak total WSS is 17 Pa, and the 3

Pa threshold is exceeded for significantly longer; 68%

of the cardiac cycle (0.54 s). It is evident that neglecting

the turbulent contribution to WSS—even if the adop-

ted numerical method accounts for turbulence—would

significantly underpredict not only the total WSS but

FIGURE 9. Dissipation (rate of energy loss) over the entire
aorta. Plots show the viscous (laminar), turbulent and total
dissipation. Key times throughout the cardiac cycle are
highlighted.

BIOMEDICAL
ENGINEERING 
SOCIETY

Analysis of Turbulence Effects in Aortic Valve Stenosis 449



the length of time the arterial wall is subjected to these

high shear stresses.

Time-averaged wall shear stresses (TAWSS) aver-

aged over the entire aorta and ascending aorta are high

with turbulent TAWSS accounting for 40% of the total

TAWSS. With the inclusion of turbulent TAWSS, the

total TAWSS now exceeds 3 Pa in both the entire aorta

and ascending aorta with values of ~ 3.8 and 7.0 Pa.

Understanding the severity of AVS by quantifying tur-

bulence production may prove a useful biomarker for

understanding the onset and progression of secondary

diseases that are associated with aortic valve diseases.

Energy Loss

There have been studies which estimate either vis-

cous5,18,27 or turbulent20 energy losses from 4D flow

MRI data or numerical simulation in aortic and ide-

alised flows. Gilmanov et al.18 conducted patient-

specific fluid-structure interaction simulations of cal-

cified aortic valves. In the valve with a high degree of

calcification; which obstructs the effective valve orifice

area producing aortic flows similar to AVS, a peak

viscous dissipation of ~ 0.17 W was observed which is

of similar magnitude to the peak viscous dissipation in

this study (0.23 W). Yap et al.47 performed experi-

ments of a healthy porcine aortic valve connected to a

simplified aorta model. Experiments were performed

with and without artificially induced valve stenosis,

over a range of stroke volumes and heart rates. They

estimated total dissipation and total energy loss across

the valve using a simplified energy loss equation

derived from the Navier-Stokes equations. At similar

stroke volumes and heart rates to the current study,

they observed net energy losses on the order of ~ 0.09 J

and ~ 0.2 to 0.3 J for their mild and moderate stenosis

cases, respectively. Our values for net energy loss and

viscous dissipation are of similar magnitudes to those

reported in literature,18,47 despite differences in meth-

ods. Previous studies have estimated either the viscous,

turbulent or total dissipation and/or energy losses in

aortic flows, but none have quantified the individual

contributions from viscous and turbulent dissipa-

tion—a key step in understanding not only the net

effect of aortic valve disease on energy loss but also the

isolated effects of turbulence on energy loss.

In this study, total irreversible energy losses account

for 6.6% of the stroke work, with turbulent energy

losses accounting for 41% of the total energy loss. The

majority of viscous energy losses throughout the aorta

originate from the boundary layer and other contri-

butions are from the high shear layers between the

stenosed jet and surrounding low velocity blood in the

ascending aorta, as well as the shear layers where the

stenosed jet impinges on the anterior vessel wall.

Turbulent energy losses originate wherever there is

turbulence (see TKE renderings, Fig. 5). Even though

peak values of turbulence dissipation (0.08 W) are

smaller than viscous dissipation (0.23 W), turbulence

dissipation exceeds viscous dissipation values for 59%

of the cardiac cycle (late systolic deceleration through

diastole and early systolic acceleration). This is because

turbulent features, albeit small, are present in the

ascending aorta and arch throughout the cardiac cycle.

Study Limitations

In the present study the aortic wall was assumed to be

rigid and blood was assumed to be Newtonian. A com-

pliant aortic wall may affect turbulence intensities and

ratesofdissipation,particularly throughoutdiastolewhen

the energy accumulated in the arterial wall during systole

is released. Neglecting wall deformation can overestimate

WSS in laminar arterial flows9 and in transitional flow in a

thoracic aortic aneurysm38; the latter also found higher

turbulence intensity in the fluid-structure interaction

(FSI) model compared to the rigid model. Nevertheless,

thepatient included in thepresent studyhada significantly

dilated ascending aorta (~ 5 cmdiameter) and aneurysmal

walls are known to be stiffer than a typical healthy aorta.

As demonstrated in a recent study of 11 ascending aortic

aneurysms, rigid wall CFD and 2-way FSI simulations

produced comparable WSS predictions.26 Therefore, it

would be reasonable to expect the effect of wall defor-

mation on the predicted WSS to be limited in our case.

However, further studies are still needed to assess the

influence of wall compliance on other turbulence related

parameters. While the assumption of a constant Newto-

nian viscosity for blood flow in the aorta is generally

acceptable, it has been shown that the non-Newtonian

rheology of blood could reduce turbulence levels.4

It is also worth noting that uncertainties originating

from MRI data acquisition and processing can propa-

gate and introduce uncertainties in the simulated out-

put. A numerical study of the healthy aorta conducted

by Bozzi et al.10 found uncertainties up to 30% in the

calculated WSS. Further work would be required to

estimate uncertainty propagation associated with the

variables in the current study. All efforts have been ta-

ken to minimise uncertainty and error in terms of the

choice of numerical procedure and boundary condi-

tions. This is also mitigated through careful mesh and

time-step sensitivity studies, as well as detailed com-

parisons with in vivo measurements with 4D flow MRI.

Finally, this study was conducted on a single patient;

therefore, more AVS cases would need to be included

before the findings can be generalised. Nonetheless, the

methodologypresented in this study is readily applicable

to not only AVS but also cases of other aortic valve

diseases.
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CONCLUSIONS

In this study we analysed flow in a patient-specific

aorta with aortic valve stenosis and dilated ascending

aorta. Comparisons of LES predicted and in vivo MRI

measured velocities demonstrated good qualitative and

quantitative agreement. Our analysis of kinetic energy

measures showed that turbulence was present primarily

in the ascending aorta and aortic arch from late systolic

acceleration through end systole. The main causes of

turbulence production in this patient were: (i) the high

velocity jet, (ii) severe skewness of the jetwhich impacted

on the arterial wall and (iii) a dilated ascending aorta

providing sufficient space for turbulence to develop.

Our quantitative analysis of the impact of turbu-

lence on wall shear stress revealed that turbulent WSS

accounted for 40% of the total WSS in the ascending

aorta and 38% in the entire aorta. Neglecting the

turbulent contribution to WSS would result in a sig-

nificant underestimation of the total WSS in this case.

Furthermore, total WSS in the ascending aorta ex-

ceeded 3Pa (a threshold for potential vascular changes)

for 68% of the cardiac cycle. This period of exposure

would be significantly less (65% underprediction) if

turbulent WSS was not included. The results from this

study suggest that inclusion of turbulent WSS in dis-

turbed aortic flows may aid in our attempts to better

understand the relationship between WSS-related

parameters and aortic wall disease progression, al-

though more cases would be needed. Viscous and

turbulent irreversible energy losses were calculated

using phase-averaged and turbulent velocity gradient

fields and accounted for 3.9 and 2.7% of the total

stroke work, respectively. In this study, for the first

time, we have quantified aortic valve stenosis turbu-

lence production against left ventricular load in a sin-

gle patient-specific computational model.
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Cabrera. Clinical use of 4D flow MRI for quantification of
aortic regurgitation. Open Hear. 7:1–9, 2020.
3Andersson, M., T. Ebbers, and M. Karlsson. Characteri-
zation and estimation of turbulence-related wall shear
stress in patient-specific pulsatile blood flow. J. Biomech.
85:108–117, 2019.
4Andersson, M., J. Lantz, T. Ebbers, and M. Karlsson.
Quantitative assessment of turbulence and flow eccentricity
in an aortic coarctation: impact of virtual interventions.
Cardiovasc. Eng. Technol. 6:281–293, 2015.
5Barker, A. J., P. van Ooij, K. Bandi, J. Garcia, M.
Albaghdadi, P. McCarthy, R. O. Bonow, J. Carr, J. Col-
lins, S. C. Malaisrie, and M. Markl. Viscous energy loss in
the presence of abnormal aortic flow. Magn. Reson. Med.
72:620–628, 2014.
6Berg, P., D. Stucht, G. Janiga, O. Beuing, O. Speck, and D.
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C. Tanner, T. F. Lüscher, R. Manka, and S. Kozerke.

BIOMEDICAL
ENGINEERING 
SOCIETY

Analysis of Turbulence Effects in Aortic Valve Stenosis 451

https://doi.org/10.1007/s13239-021-00536-9
https://doi.org/10.1007/s13239-021-00536-9
http://www.cirrus.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Turbulent kinetic energy assessed by multipoint 4-Dimen-
sional flow magnetic resonance imaging provides addi-
tional information relative to echocardiography for the
determination of aortic stenosis severity. Circ. Cardiovasc.
Imaging 10:1–8, 2017.
8Bollache, E., D. G. Guzzardi, S. Sattari, K. E. Olsen, E. S.
Di Martino, S. C. Malaisrie, P. van Ooij, J. Collins, J.
Carr, P. M. McCarthy, M. Markl, A. J. Barker, and P. W.
M. Fedak. Aortic valve-mediated wall shear stress is
heterogeneous and predicts regional aortic elastic fiber
thinning in bicuspid aortic valve-associated aortopathy. J.
Thorac. Cardiovasc. Surg. 156:2112–2120, 2018.
9Bonfanti, M., S. Balabani, M. Alimohammadi, O. Agu, S.
Homer-Vanniasinkam, and V. Dı́az-Zuccarini. A simpli-
fied method to account for wall motion in patient-specific
blood flow simulations of aortic dissection: comparison
with fluid-structure interaction. Med. Eng. Phys. 58:72–79,
2018.

10Bozzi, S., U. Morbiducci, D. Gallo, R. Ponzini, G. Rizzo,
C. Bignardi, and G. Passoni. Uncertainty propagation of
phase contrast-MRI derived inlet boundary conditions in
computational hemodynamics models of thoracic aorta.
Comput. Methods Biomech. Biomed. Engin. 20:1104–1112,
2017.

11Chiu, J. J., and S. Chien. Effects of disturbed flow on
vascular endothelium: pathophysiological basis and clinical
perspectives. Physiol. Rev. 91:327–387, 2011.

12Clark, C. The fluid mechanics of aortic stenosis-II. Un-
steady flow experiments. J. Biomech. 9:567–573, 1976.

13Cunningham, K. S., and A. I. Gotlieb. The role of shear
stress in the pathogenesis of atherosclerosis. Lab. Investig.
85:9–23, 2005.

14Davies, P. F., A. Remuzzi, E. J. Gordon, C. F. Dewey, Jr,
and M. A. Gimbrone, Jr. Turbulent fluid shear stress in-
duces vascular endothelial cell turnover in vitro. Proc. Natl.
Acad. Sci. USA 83:2114–2117, 1986.

15Dolan, J. M., J. Kolega, and H. Meng. High wall shear
stress and spatial gradients in vascular pathology: a review.
Ann. Biomed. Eng. 41:1411–1427, 2013.

16Dyverfeldt, P. Magnetic resonance measurement of turbu-
lent kinetic energy for the estimation of irreversible pres-
sure loss in aortic stenosis. JACC Cardiovasc. Imaging
23:1–7, 2013.

17Ferziger, J. H., and M. Peric. Computational methods for
fluid dynamics. Berlin: Springer, 1966.

18Gilmanov, A., A. Barker, H. Stolarski, and F. Sotiropou-
los. Image-guided fluid-structure interaction simulation of
transvalvular hemodynamics: quantifying the effects of
varying aortic valve leaflet thickness. Fluids 4:119, 2019.

19Guzzardi, D. G., A. J. Barker, P. Van Ooij, S. C. Malaisrie,
J. J. Puthumana, D. D. Belke, H. E. M. Mewhort, D. A.
Svystonyuk, S. Kang, S. Verma, J. Collins, J. Carr, R. O.
Bonow, M. Markl, J. D. Thomas, P. M. Mccarthy, and P.
W. M. Fedak. Valve-related hemodynamics mediate
human bicuspid aortopathy: insights from wall shear stress
mapping. J. Am. Coll. Cardiol. 66:892–900, 2015.

20Ha, H., J. Lantz, M. Ziegler, B. Casas, M. Karlsson, P.
Dyverfeldt, and T. Ebbers. Estimating the irreversible
pressure drop across a stenosis by quantifying turbulence
production using 4D Flow MRI. Sci. Rep. 7:1–14, 2017.

21Ha, H., M. Ziegler, M. Welander, N. Bjarnegård, C. J.
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