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ORIGINAL RESEARCH

Reducing Morbidity and Mortality in 
Patients With Coarctation Requires 
Systematic Differentiation of Impacts of 
Mixed Valvular Disease on Coarctation 
Hemodynamics
Reza Sadeghi , PhD; Benjamin Tomka, BSc; Seyedvahid Khodaei, MASc; Julio Garcia, PhD; Javier Ganame, 
MD; Zahra Keshavarz- Motamed , PhD

BACKGROUND: Despite ongoing advances in surgical techniques for coarctation of the aorta (COA) repair, the long- term results 
are not always benign. Associated mixed valvular diseases (various combinations of aortic and mitral valvular pathologies) are 
responsible for considerable postoperative morbidity and mortality. We investigated the impact of COA and mixed valvular 
diseases on hemodynamics.

METHODS AND RESULTS: We developed a patient- specific computational framework. Our results demonstrate that mixed val-
vular diseases interact with COA fluid dynamics and contribute to speed up the progression of the disease by amplifying the 
irregular flow patterns downstream of COA (local) and exacerbating the left ventricular function (global) (N=26). Velocity down-
stream of COA with aortic regurgitation alone was increased, and the situation got worse when COA and aortic regurgitation 
coexisted with mitral regurgitation (COA with normal valves: 5.27 m/s, COA with only aortic regurgitation: 8.8 m/s, COA with 
aortic and mitral regurgitation: 9.36 m/s; patient 2). Workload in these patients was increased because of the presence of 
aortic stenosis alone, aortic regurgitation alone, mitral regurgitation alone, and when they coexisted (COA with normal valves: 
1.0617 J; COA with only aortic stenosis: 1.225 J; COA with only aortic regurgitation: 1.6512 J; COA with only mitral regurgita-
tion: 1.3599 J; patient 1).

CONCLUSIONS: Not only the severity of COA, but also the presence and the severity of mixed valvular disease should be con-
sidered in the evaluation of risks in patients. The results suggest that more aggressive surgical approaches may be required, 
because regularly chosen current surgical techniques may not be optimal for such patients.

Key Words: aortic fluid dynamics ■ coarctation ■ global hemodynamics ■ left ventricle metrics ■ local hemodynamics ■ mixed valvular 
disease

Coarctation of the aorta (COA) is one of the most 
common congenital heart defects, accounting for 
5% to 8% of all congenital heart defects, occur-

ring in ≈3 out of 10 000 of live births.1– 3 COA is often 
present in conjunction with other cardiac pathologies, 
mainly alongside mixed valvular diseases (MVDs).4– 7 
MVDs are classified as various combinations of aortic 

and mitral valvular pathologies occurring simultane-
ously. COA is commonly associated with the bicuspid 
aortic valve, because up to 85% of patients with COA 
suffer from both pathologies.1,4,8 Additionally, aortic ste-
nosis (AS) and aortic regurgitation (AR) are commonly 
found alongside COA, occurring in 5% to 15% and 2% 
to 4% of cases, respectively.9– 14 Furthermore, COA is 
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frequently found alongside mitral valve diseases, pre-
senting itself in 20% to 59% of all patients with mitral 
pathologies.15– 17 The common mitral valve diseases 
found to coexist with COA include mitral stenosis (MS) 
and mitral regurgitation (MR), occurring in 3% and 2% 
to 5% of patients with COA, respectively.18– 24 COA and 
MVDs have significant effects on the left ventricle (LV), 
and if not treated promptly, are likely to result in LV dys-
function, cardiac failure, and death.25– 30

Although COA is readily diagnosed, and interventional/
surgical therapies are implemented, areas of contention 

and uncertainty remain. The coexistence of MVDs 
alongside COA poses many clinical challenges for diag-
nosis and assessment. A hemodynamically significant 
COA is often defined as a catheter pressure gradient 
or resting or exercise Doppler pressure gradient of 
20 mmHg across the site of coarctation. Although most 
cardiologists agree that a pressure gradient >20 mmHg 
warns of severe COA and warrants interventional/surgi-
cal repair, it has yet to be determined whether MVD has 
any impact on the pressure gradient across the site of 
COA. The severity of COA may be masked by the he-
modynamic effects of MVDs, and vice versa, ultimately 
resulting in clinical challenges for accurate diagnosis and 
assessment.20,31– 33 The optimal method and timing of 
intervention often remain unclear when MVDs are pres-
ent, given the balance of risks for early and late mortality 
and reoperation.22,34– 37 Because of the complexity of 
treatment for COA and MVDs, there are increased rates 
of postoperative mortality.15,38 Moreover, when COA and 
MVDs are present, surgery is often performed in a mul-
tistage approach, because higher morbidity rates have 
been recorded if multiple pathologies are repaired si-
multaneously.22,36 Treatment strategies for patients with 
COA and MVDs are unclear and differ on an individu-
alized basis, and some groups suggest that treatment 
strategies for patients with COA and MVDs may need to 
be redefined.34,37 Before updating the current treatment 
recommendations, the quantitative understanding of the 
interplay between valvular pathologies and COA, and 
the breakdown of effects of each disease constituent 
on the cardiac function of the cardiovascular system is 
crucial.39– 41

Cardiology is flow,42 and therefore the essential 
sources of cardiovascular mortality and morbidity can 
be explained on the basis of adverse hemodynamics: 
abnormal biomechanical forces and flow patterns, 
leading to the development and progression of car-
diovascular disease.8,43– 48 Precise and effective di-
agnosis hinges on the quantification of the following 
requirements: global hemodynamics: (1) metrics of 
cardiac function (eg, heart workload) and its contribu-
tion breakdown of each component of the cardiovas-
cular diseases and of the local hemodynamics and (2) 
aortic fluid dynamics (eg, details of the instantaneous 
[3- dimensional] 3D flow). In this study, we developed 
a patient- specific, imaged- based computational- 
mechanics framework that dynamically couples the 
local hemodynamics with the global circulatory cardio-
vascular system using the 3D lattice Boltzmann method 
(LBM) and lumped parameter modeling to investigate 
the impact of COA and MVDs on both local and global 
hemodynamics (Figure  1) in 26 patients. The devel-
oped computational framework was validated against 
clinical cardiac catheterization data, Doppler echocar-
diography, and 4- dimensional (4D) flow magnetic res-
onance imaging (MRI) (Figures 2 and 3). To the best of 

CLINICAL PERSPECTIVE

What Is New?
• Doppler echocardiography pressure gradient 

across coarctation is a poor indicator to assess 
the disease severity when coexisting with mixed 
valvular disease (various combinations of aortic 
and mitral valvular pathologies).

• Catheter pressure gradient fails to reflect the 
effect of mixed valvular disease on the clinical 
assessment of coarctation hemodynamics.

• Mixed valvular disease exacerbates the coarc-
tation hemodynamics (local) and contributes to 
speed up the progression of the disease by am-
plifying the irregular flow patterns downstream 
of coarctation. Mixed valvular disease exacer-
bated the left ventricular function and hemody-
namics (global).

What Are the Clinical Implications?
• To assess risks in patient with coarctation of the 

aorta, not only the severity of coarctation, but also 
the presence and the severity of mixed valvular 
disease (various combinations of aortic and mitral 
valvular pathologies) should be considered.

• The results suggest that more aggressive surgical 
approaches may be required, because regularly 
chosen current surgical techniques may not be 
optimal for such patients.

Nonstandard Abbreviations and Acronyms

3D 3- dimensional
4D 4- dimensional
AR aortic regurgitation
AS aortic stenosis
COA coarctation of the aorta
LBM lattice Boltzmann method
MR mitral regurgitation
MVD mixed valvular disease
TAWSS time- averaged wall shear stress
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our knowledge, this is the first study that investigated 
the effects of MVDs on COA in terms of both local and 
global hemodynamics (Figures 4 through 14).

METHODS
Data Availability
The development and validation of the proposed 
method require the retrospective clinical data routinely 
measured in clinics (Doppler ultrasound and catheter 
data), which were transferred as the deidentified and 
anonymized data. The code and the optimization al-
gorithms are available from the author upon request.

Study Population
Thirty- six deidentified and anonymous patients with 
COA and MVDs (see Table for patients’ characteris-
tics) between 2008 and 2019 at Stephenson Cardiac 
Imaging Centre, Libin Cardiovascular Institute of Alberta 
(Calgary, AB, Canada), and St. Joseph’s Healthcare 
(Hamilton, ON, Canada) were considered. Informed 
consent was obtained from all participants. The selec-
tions were done by operators blinded to the objectives 
and contents of this study at each institution, and the 
protocols were reviewed and approved by the institu-
tional review boards of each institution. All methods 
and measurements were performed in accordance 
with relevant guidelines and regulations, including 
guidelines of the American College of Cardiology and 
American Heart Association. Senior cardiologists re-
viewed the echocardiograms and reports using OsiriX 
imaging software (version 8.0.2; Pixmeo, Switzerland). 
Cardiac catheterization was performed to determine 
the pressure gradient and exact morphology of the 
COA in all patients. Computed tomography data were 
collected, including images and documented reports. 
Computed tomography images were segmented, and 
the 3D geometries of the complete aorta were recon-
structed to be used for our computational model.

Numerical Study
We developed a computational fluid dynamics 
framework using the 3D LBM (large eddy simula-
tion, Smagorinsky subgrid scale model) and lumped 
parameter modeling to simulate both the local and 
global hemodynamics in patients with MVDs and COA 
(Figure 1A, schematic diagram).

Global Hemodynamics (Cardiac Function 
Metrics and Hemodynamics)

Our developed patient- specific, Doppler- based 
lumped- parameter algorithm includes several sub-
models, allowing for the analysis of complex coarcta-
tion disease, for example, when COA coexists with the 

other valvular, vascular, and ventricular disease: (1) left 
atrium, (2) LV, (3) aortic valve, (4) mitral valve, (5) co-
arctation of the aorta, (6) systemic circulation, and (7) 
pulmonary circulation (Figure  1). Our Doppler- based 
lumped parameter algorithm uses the following input 
parameters that all can be reliably measured using 
Doppler echocardiography: forward left ventricular 
outflow tract stroke volume, heart rate, ejection time, 
ascending aorta area, left ventricular outflow tract 
area, aortic valve effective orifice area, mitral valve ef-
fective orifice area, COA severity, and grading of aor-
tic and mitral valves regurgitation severity. Note that 
the proposed method does not need catheter data or 
any invasive data for estimating the cardiac function 
metrics (eg, workload). Other input parameters of the 
lumped parameter algorithm include systolic and di-
astolic blood pressures measured using sphygmoma-
nometers. The calculations of the lumped parameter 
model were validated against cardiac catheterization 
data (the instantaneous pressures in the aorta and 
LV) in patients with complex valvular, ventricular, and 
vascular diseases with a wide range of cardiovascular 
diseases.45,49

Local Hemodynamics (3D Blood Flow Dynamics)

We developed a computational fluid dynamics frame-
work to simulate the local hemodynamics in patients 
with COA in pre-  and postintervention states (Figure 1). 
This framework is based on lumped parameter mod-
eling45,49 and 3D LBM (Smagorinsky subgrid scale 
model) as implemented in the open- source OpenLB 
library with some supplements as explained in Sadeghi 
et al.44 Reynolds- averaged Navier- Stokes equations 
are common to model blood low; however, there are 
limitations to model pulsatile flows.50 Direct numeri-
cal simulations put a burden on computing resources 
and are limited to low Reynolds numbers. Large eddy 
simulation, which falls between direct numerical simu-
lations and Reynolds- averaged Navier- Stokes, is well 
suited for computational modeling of turbulent vascu-
lar flows, with great potential in modeling the physi-
ological low- Reynolds pulsatile flows.45 We used a 3D 
LBM- based computational fluid dynamics approach 
using large eddy simulation (Smagorinsky subgrid 
scale model) to simulate blood flow through the vas-
cular system.44 Calculations of this computational fluid 
dynamics framework were validated against 4D flow 
MRI measurements (Figures 2 and 3).

Model Properties and Boundary 
Conditions
Aortic local flow dynamics are greatly influenced by 
upstream and downstream flow conditions that must 
be accounted for. Additionally, the proper choice of 
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boundary conditions is critical, because they influence 
the accuracy of flow simulations. Blood was assumed 
to be a Newtonian and incompressible fluid with dy-
namic viscosity of 0.0035 Pa.s and density of 1050 kg/
m3. A lumped parameter model (Figure  1) simulated 
the function of the left side of the heart in the presence 
of COA and MVDs and was used to impose the time- 
dependent inlet flow at the ascending aorta cross sec-
tion and the outlet pressure at the descending aorta 
cross section. The time- dependent flow rate obtained 
from the lumped parameter model was used to scale 
this profile to observe this time- varying inlet boundary 
condition (Figure 1). The inlet velocity boundary condi-
tion in the LBM was implemented using the method 
suggested by Skordos,51 which uses a second- order 
finite difference scheme to compute the velocity gra-
dient of the boundary nodes and extrapolates the 
pressure distribution at the inlet from bulk nodes.52 
Furthermore, a sinusoidal smooth start- up phase was 
used to begin the simulation and smoothly increase 
the initial condition for the velocity from 0 to avoid pres-
sure fluctuation artifacts at the inlet.53,54 The total flow 
rate headed to the branches was calculated using the 
lumped parameter model and then distributed to the 
branches based on the relative cross- sectional area of 
each branch. A no- slip boundary condition was ap-
plied at the solid walls as described above. Patients 
with COA are typically hypertensive and characterized 
by reduced compliance and elevated stiffness in both 
the proximal and distal aorta. Jin et al55 and Keshavarz- 
Motamed et al8,45,56 showed that a rigid- wall assump-
tion for the aorta is acceptable, and thus, the aortic 
wall in this study was treated as such.

Because of the complex multiphysics nature of the 
aorta and the valves, the overall estimation of cardiac 
parameters is reliant on the outputs of the lumped- 
parameter algorithm that are in turn dependent on input 
parameters used in the lumped- parameter algorithm. 
Our patient- specific, Doppler- based lumped- parameter 
algorithm, which provided boundary conditions, was 
validated against clinical catheterization data in patients 
with a wide range of cardiovascular diseases.44,45,49 We 
used the validated lumped- parameter algorithm44,45,49 

to obtain the boundary conditions. Moreover, our per-
formed sensitivity analysis revealed  negligible  effects 
of changes (±20%) in the free parameters on the model 
output variables.57

Reconstructed Geometries in Patients 
With Coarctation
3D geometries of the complete aorta including ascend-
ing aorta, aortic branches, and descending aorta were 
reconstructed from segmented computed tomogra-
phy images of patients using ITK- SNAP (version 3.8.0- 
BETA) (Figure 1). We used a smoothing procedure for 
the surfaces to overcome the challenges of computa-
tional convergence and stability. Change in the volume 
because of smoothing was <1% in all patients.

Numerical Strategy
Multiple and single relaxation time LBM- based mod-
els were coupled with Smagorinsky’s turbulent model 
to stabilize complex turbulent fluid flow across the 
domain. For treating complex geometry, we used the 
second order accuracy method proposed by Bouzidi 
et al.58 A smooth start- up phase was added to the 
inlet velocity condition to suppress the undesired 
pressure fluctuation. For turbulent modeling, a large 
eddy Smagorinsky subgrid- scale model with constant 
Cs=0.1 was applied.59 Mesh sensitivity analysis was 
performed for maximum velocity and pressure drop at 
the coarctation region. Mesh definition was considered 
acceptable if no significant differences (lower than 5%) 
existed between successive mesh refinements in both 
quantities. The physical time step in this study was as 
low as 1.5 µs, and physical lattice height adjacent to 
the wall was as low as 50 µm to ensure that it is within 
the viscous sublayer.

4D Flow MRI
4D flow MRI is a recent development of phase- contrast 
MRI, with the capability of comprehensive blood flow 
assessment in 3 spatial dimensions over the cardiac 
cycle.60 4D flow MRI provides visualization of the vas-
cular territory of interest and allows for the estimation of 

Figure 1. Reconstructed geometry and simulation domain.
A, In this study, we developed a patient- specific, imaged- based computational- mechanics framework that dynamically couples the 
local hemodynamics with the global circulatory cardiovascular system to investigate the impact of the coarctation of the aorta and mixed 
valvular diseases on both local and global hemodynamics in these patients. We used computed tomography images from patients to 
segment and reconstruct the 3- dimensional (3D) geometries of the complete aorta. These 3D geometries were used for investigating 
hemodynamics using computational fluid dynamics. Local flow dynamics are greatly influenced by upstream and downstream flow 
conditions that are absent in the flow simulation domain. A patient- specific, Doppler- based lumped- parameter algorithm, described 
in details elsewhere,49 simulated the function of the left side of the heart. Time- dependent inlet flow at the ascending aorta and outlet 
pressure at the descending aorta positions were obtained from our developed lumped parameter algorithm49 and applied as boundary 
conditions. Boundary conditions of the aortic branches were adjusted to match the flow distribution. B, We compared 4- dimensional 
(4D) flow magnetic resonance imaging (MRI) data and results of our computational framework. The 3D geometry of the complete aorta 
was reconstructed using MRI images, and the entire volume of downsampled lattice Boltzmann model (LBM) data were smoothed53,54 
(see the 4D Flow MRI section in the text for more details). LV indicates left ventricle.
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hemodynamic biomarkers such as wall shear forces61 
and pressure gradients.62,63 Additionally, 4D flow MRI 
provides comprehensive information on complex 
flow patterns in vascular diseases.64 In this study, 

acquisition of 4D flow MRI data in patients with COA 
and valvular diseases was performed (Figure 1B, data 
acquisition and analysis workflow of 4D flow MRI) by 
standard Cartesian 4D flow sequence using 1.5 T MRI 

A

B
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Figure 2. Validation against 4D flow MRI (part I).
We compared 4D flow MRI data and the results of the computational framework (based on the lumped parameter 
model and lattice Boltzmann model [LBM]) in sample patients I to III, qualitatively (revealed in velocity mapping) and 
quantitatively, by performing Pearson product moment correlation analysis on the entire domain during the cardiac cycle 
between smooth downsampled LBM and 4D flow MRI measurements. 4D indicates 4- dimensional; and MRI, magnetic 
resonance imaging.
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Figure 3. Validation against 4D flow MRI (part II).
We compared 4D flow MRI data and results of the computational framework (based on lumped parameter model and 
lattice Boltzmann model [LBM]) in sample patients I to III, qualitatively (revealed in velocity mapping) and quantitatively, 
by performing linear regression and Pearson product moment correlation analysis at different sections at peak 
systole between smooth downsampled LBM and PC- MRI measurements. 4D indicates 4- dimensional; MRI, magnetic 
resonance imaging; and PC, phase- contrast.
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scanners (Philips Achieva; Philips Medical Systems, 
Best, the Netherlands). ECG gating synchronized and 
diaphragm navigator gated 4D flow MRI were per-
formed during free breathing. Acquisition parameters 

were as follows: spatial resolution of 1.97 to 2.62, 1.97 
to 2.62, 2.5 to 4  mm3, temporal resolution of 36 to 
40 ms. Velocity encoding was set to the range (1.5– 
4.5 m/s), and the total scan time for each measurement 
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varied from 8 to 15 minutes. All 4D flow data were cor-
rected for multiple sources of phase offset errors and 
noises such as velocity aliasing, Maxwell terms, and 
eddy currents using an in- house MATLAB- based code 
(MathWorks). A data- smoothing algorithm proposed 
by Garcia65,66 was used to eliminate random errors of 
the velocity vectors. Garcia65,66 proposed a fully au-
tomated smoothing procedure based on a penalized 
least squares approach that allows fast smoothing of 
the data and can replace spurious or missing vector 
with the smoothed one.

The 3D segmentation of the thoracic aorta geom-
etry and orifice shape of aortic stenosis or bicuspid 
valve was performed by ITK- SNAP (Yushkevich et al; 
http://www.itksn ap.org) and an in- house MATLAB- 
based code. Fusion 3D (Autodesk) and Meshmixer 
(Autodesk) were used to smooth the geometry and 
fix the defects. Finally, the stereolithography format of 
the geometry (domain) was extracted for our compu-
tational simulation. Time- varying flow velocity informa-
tion extracted from patient- specific 4D flow MRI data 
was imposed at the inlet and outlets of each LBM 
computational model. To study the effect of resolution 
and compare LBM to 4D flow MRI velocity fields on 
identical grids, we downsampled the high- resolution 
LBM velocities into phase- contrast MRI resolution by 
linear interpolation of LBM velocity on the MRI subgrid. 
Moreover, downsampled LBM data were subjected to 
an imitation of the smoothing inherent in the 4D flow 
MRI measurement to have the closest LBM approx-
imation to the 4D flow MRI data. The downsampling 
and smoothing procedures are schematically shown 
in Figure 1B.

Velocity field extracted from 4D flow MRI mea-
surements was smoothed through a multidimensional 
spline smoothing technique proposed by Garcia.65,66 
The algorithm deals with occurrences of missing and 
outlying values and eliminates random errors auto-
matically. The mathematics behind algorithm structure 
is based on a penalized least squares approach that 
allows fast smoothing of the data and can replace a 
spurious or missing vector with the smoothed one. 
The algorithm allows fast unsupervised smoothing 
that combines the use of the discrete cosine transform 
and the generalized cross- validation score. Garcia’s 
algorithm was compared with conventional methods, 

including the normalized median test and experimen-
tal raw particle image velocimetry velocity fields, and it 
was shown that it can easily deal with a large amount 
of missing data and reduce the experimental noise 
while keeping the most important characteristics of a 
data set.65

Figure 4. Flow modeling (local) in patient 1.
Computed velocity magnitude and time- averaged wall shear stress (TAWSS) using the computational framework (lattice Boltzmann 
method and lumped parameter model) in sample patient 1. Actual patient (in red font in this figure) has severe aortic stenosis (EOAAS=1 
cm2), moderate aortic valve regurgitation (EOAAR=0.15 cm2), moderate mitral valve regurgitation (EOAMR=0.15 cm2) with no mitral 
stenosis. This patient has brachial pressures of 70 and 125 mmHg, forward left ventricle (LV) stroke volume of 110 mL, maximum 
LV pressure of 170 mmHg, and LV workload of 2.4923 J. The total shear stress exerted on the wall throughout the cardiac cycle was 
evaluated using the TAWSS, which is obtained as TAWSS =

1

T
∫ T
0
|τ|dt. Here, T and τ are the cardiac cycle period and instantaneous wall 

shear stress, respectively. AR indicates aortic regurgitation; AS, aortic stenosis; EOA, effective orifice area; MR, mitral regurgitation; 
and MS, mitral stenosis.

Table. Baseline Patient Characteristics

Characteristic
Preintervention 
value, n=36

Ventricular indices, DE findings

Ejection fraction, %, mean±SD 59.5±11.5

Heart rate, bpm, mean±SD 65.8±10.6

Stroke volume, mL, mean±SD 62.3±10.4

NYHA classifications ≥ grade 2, % 39%

Valvular indices, DE findings

Mean aortic valve gradient, mmHg, mean±SD 26±7.3

Maximum aortic valve gradient, mmHg, 
mean±SD

46±19.5

Aortic valve disease type, n Tricuspid: 22, 
bicuspid: 14

Aortic valve regurgitation ≥ grade 2, % 36%

Mitral valve regurgitation ≥ grade 2, % 21%

Vascular indices, sphygmomanometer

Brachial systolic blood pressure, mmHg, 
mean±SD

145±25.4

Brachial diastolic blood pressure, mmHg, 
mean±SD

78±11.9

Patient description

Mean age, y, mean±SD (sex, %) 34±11.5 (women, 
42%)

Mean weight, kg; mean height, cm, mean±SD 78±14.6; 
169.3±7.9

Body surface area, m2, mean±SD 1.8±0.31

Associated cardiovascular lesions, n

Bicuspid aortic valve 14

Tricuspid aortic valve stenosis 6

Aortic valve regurgitation 12

Mitral valve stenosis 4

Heart failure 11

Mitral valve regurgitation 10

Descending aorta aneurysms 5

DE indicates Doppler echocardiography; and NYHA, New York Heart 
Association.

http://www.itksnap.org
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Figure 5. Flow modeling (global) in patient 1.
A, Simulated catheter pressure gradient of coarctation, which is the difference between the tabulated pressures of the neck and 
upstream of coarctation of the aorta (COA), using the computational framework, lattice Boltzmann method, and lumped parameter 
model (ΔP=P2- P1; P2: pressure at the neck of COA; P1: pressure upstream of COA). B, Simulated peak Doppler echocardiography 
pressure gradient of coarctation using the computational framework, lattice Boltzmann method, and lumped parameter model 
(ΔP=4Vmax

2; Vmax: maximum velocity downstream of COA during systole). C, Simulated LV pressure using lumped parameter model. 
D, Simulated LV workload using lumped parameter model. AR indicates aortic regurgitation; AS, aortic stenosis; EOA, effective 
orifice area; LV, left ventricle; MR, mitral regurgitation; and MS, mitral stenosis.
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Figure 6. Flow modeling (local) in patient 2.
Computed velocity magnitude and time- averaged wall shear stress (TAWSS) using the computational framework 
(lattice Boltzmann method and lumped parameter model) in sample patient 1. Actual patient (in red font in this figure) 
has moderate aortic stenosis (EOAAS=1.2 cm2), moderate aortic valve regurgitation (EOAAR=0.2 cm2), with no mitral 
valve regurgitation and no mitral stenosis. This patient has brachial pressures of 60 and 131 mmHg, forward LV stroke 
volume of 124 mL, maximum LV pressure of 156.5 mmHg, and LV workload of 2.022 J. AR indicates aortic regurgitation; 
AS, aortic stenosis; EOA, effective orifice area; LV, left ventricle; MR, mitral regurgitation; and MS, mitral stenosis.
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Figure 7. Flow modeling (global) in patient 2.
A, Simulated catheter pressure gradient of coarctation, which is the difference between the tabulated pressures of the neck and 
upstream of coarctation of the aorta (COA), using the computational framework, lattice Boltzmann method, and lumped parameter 
model (ΔP=P2- P1; P2: pressure at the neck of COA; P1: pressure upstream of COA); B, Simulated peak Doppler echocardiography 
pressure gradient of coarctation using the computational framework, lattice Boltzmann method, and lumped parameter model 
(ΔP=4Vmax

2; Vmax: maximum velocity downstream of COA during systole). C, Simulated LV pressure using lumped parameter model. 
D, Simulated LV workload using lumped parameter model. AR indicates aortic regurgitation; AS, aortic stenosis; EOA, effective orifice 
area; LV, left ventricle; MR, mitral regurgitation; and MS, mitral stenosis.
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Figure 8. Flow modeling (local) in patient 3.
Computed velocity magnitude and time- averaged wall shear stress (TAWSS) using the computational framework 
(lattice Boltzmann method and lumped parameter model) in sample patient 1. Actual patient (in red font in this figure) 
has severe mitral stenosis (EOAMS=1 cm2), moderate aortic valve regurgitation (EOAAR=0.2 cm2), moderate mitral valve 
regurgitation (EOAAR=0.15 cm2), and no aortic stenosis. This patient has brachial pressures of 55 and 138 mmHg, 
forward LV stroke volume of 121 mL, maximum LV pressure of 142 mmHg, and LV workload of 2.2599. AR indicates 
aortic regurgitation; AS, aortic stenosis; EOA, effective orifice area; LV, left ventricle; MR, mitral regurgitation; and 
MS, mitral stenosis.
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Figure 9. Flow modeling (global) in patient 3.
A, Simulated catheter pressure gradient of coarctation, which is the difference between the tabulated pressures of the neck and 
upstream of coarctation of the aorta (COA), using the computational framework, lattice Boltzmann method, and lumped parameter 
model (ΔP=P2- P1; P2: pressure at the neck of COA; P1: pressure upstream of COA). B, Simulated peak Doppler echocardiography 
pressure gradient of coarctation using the computational framework, lattice Boltzmann method, and lumped parameter model 
(ΔP=4Vmax

2; Vmax: maximum velocity downstream of COA during systole). C, Simulated LV pressure using lumped parameter model. 
D, Simulated LV workload using lumped parameter model. AR indicates aortic regurgitation; AS, aortic stenosis; EOA, effective orifice 
area; LV, left ventricle; MR, mitral regurgitation; and MS, mitral stenosis.
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Figure 10. Differences in the simulated LV workloads between mixed valvular disease, and COA and 
normal aortic and mitral valves and COA, in individual patients (N=26).
AR indicates aortic regurgitation; AS, aortic stenosis; COA, coarctation of the aorta; LV, left ventricle; MR, mitral 
regurgitation; MS, mitral stenosis; and MVD, mixed valvular disease.
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Figure 11. Differences in the simulated LV peak pressure between mixed valvular disease and COA, and 
normal aortic and mitral valves and COA, in individual patients (N=26).
AR indicates aortic regurgitation; AS, aortic stenosis; COA, coarctation of the aorta; LV, left ventricle; MR, mitral 
regurgitation; MS, mitral stenosis; and MVD, mixed valvular disease.
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Figure 12. Differences in the simulated catheter pressure gradient between mixed valvular disease and 
COA, and normal aortic and mitral valves and COA, in individual patients (N=26).
AR indicates aortic regurgitation; AS, aortic stenosis; COA, coarctation of the aorta; MR, mitral regurgitation; MS, 
mitral stenosis; and MVD, mixed valvular disease.
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Figure 13. Differences in the simulated systemic arterial compliance between mixed valvular disease 
and COA, and normal aortic and mitral valves and COA, in individual patients (N=26).
AR indicates aortic regurgitation; AS, aortic stenosis; COA, coarctation of the aorta; MR, mitral regurgitation; MS, 
mitral stenosis; and MVD, mixed valvular disease.
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Figure 14. Difference in the simulated hemodynamics parameters between mixed valvular disease and COA, and normal 
aortic and mitral valves and COA, in all patients (N=26) a using box and whiskers diagram.
A, Simulated LV workload. B, Simulated LV peak pressure. C, Simulated catheter pressure gradient. D, Simulated systemic arterial 
compliance. AR indicates aortic regurgitation; AS, aortic stenosis; COA, coarctation of the aorta; LV, left ventricle; MR, mitral 
regurgitation; MS, mitral stenosis; and MVD, mixed valvular disease.
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In the current study, to investigate the effect of res-
olution and to compare LBM and 4D flow MRI velocity 
fields on identical grids, we downsampled the high- 
resolution LBM velocity fields by linear interpolation on 
the 4D flow MRI grid. The downsampling and smooth-
ing procedures are schematically shown in Figure 1.

Statistical Analysis
All results were expressed as mean±SD. Statistical 
analyses were performed using SigmaStat software 
(version 3.1;Systat Software, San Jose, CA). Coefficient 
of determination, R2, was used to quantify the quality of 
linear regressions. Statistically significant differences 
between 2 data sets were assessed using a 2- sample 
t test at a 1% significance level.

RESULTS
Validation: Computational Framework 
Versus 4D Flow MRI
In this study, we developed a patient- specific, imaged- 
based computational- mechanics framework that dy-
namically couples the local hemodynamics with the 
global circulatory cardiovascular system to investigate 
the impact of COA and MVDs on both local and global 
hemodynamics in these patients. The entire compu-
tational framework was validated against 4D flow MRI 
measurements in 5 patients with COA. Figure  2 de-
scribes sample cases of voxel- by- voxel Bland- Altman 
analysis between the velocity fields resulting from the 
smooth downsampled low- resolution LBM and 4D 
flow MRI measurements on the entire flow domain at 
the early systole, the peak systole, as well as the late 
systole. The simulated velocity fields were in agree-
ment with the velocity fields measured using 4D flow 
MRI in patients; as examples, average biases (means 
of differences) were −0.049, −0.059, and 0.0426 m/s, 
and corresponding average limits of agreement (SD, 
1.96 ) were also ±0.302, ±0.191, and ±0.325 m/s for 
patients 1, 2, and 3, respectively. Moreover, Figure 3 
shows the statistical analyses of the planar velocity dif-
ferences between velocity field resulting from our com-
putational framework and 4D flow MRI measurements 
in sample cases at the peak of systole. As this figure 
shows, the 4D flow MRI velocity field and the down-
sampled LBM- based velocity fields were compared 
using Pearson correlation and Bland- Altman analy-
sis. The coefficient of determination (R2) was used to 
assess the linearity between the results from 4D flow 
MRI and our computational framework at these planar 
sections. The average of coefficients of determination 
were 0.863, 0.830, 0.526 for patients 1, 2, and 3, re-
spectively. Average lateral section biases (means of dif-
ferences) were also −0.049, −0.0113, and −0.042 m/s, 
and the corresponding limits of agreement (SD, 1.96 

standard deviation of differences) were ±0.229, ±0.129, 
and ±0.420 m/s for patients 1, 2, and 3, respectively, 
which shows agreements between the data resulting 
from 4D flow MRI and our computational framework. 
We observed similar agreement (computational results 
versus 4D flow MRI measurement) in the other patients 
with COA investigated in this study. It is important to 
note that 4D flow MRI itself has some limitations, and 
its measurement involves errors because of low tem-
poral resolution (20  ms highest).57,67 The differences 
between the computational results and 4D flow MRI 
measurements can be partly because of the shortages 
of 4D flow MRI.

In addition, our developed patient- specific, Doppler- 
based lumped parameter model calculations were 
validated against clinical cardiac catheterization data 
(the instantaneous pressures in the aorta and LV) in 
patients with complex valvular, ventricular, and vascu-
lar diseases with a substantial inter-  and intrapatient 
variability with a wide range of disease (N=49).49,57 
The model has already been validated against in vivo 
cardiac catheterization in patients with coarctation 
(N=40),44,45 and some submodels have been validated 
against in vivo MRI data (N=57).68 In addition, some 
of the submodels of the lumped parameter model 
have been used and validated previously.41,49,56,68– 76 
Moreover, the entire patient- specific computational 
framework (LBM and lumped parameter model) was 
validated against clinical Doppler echocardiography 
previously.44 Moreover, for all 26 patients investigated 
in this study, we observed good agreements between 
the simulated and experimental Doppler echocardiog-
raphy pressure gradients (mean relative error, 3.9%).

The good agreements between results calculated 
using our computational framework with the results 
measured using clinical 4D flow MRI, Doppler echo-
cardiography, and cardiac catheterization allows us to 
accept our computational results with confidence to 
investigate the flow features.

Clinical Measure of Hemodynamics: 
Doppler Echocardiography and Catheter 
Pressure Gradients
Currently, clinical assessment of COA for management 
and intervention decisions are achieved based on the 
symptoms and hemodynamics metrics focused only 
on COA. A hemodynamically significant COA is often 
defined as a catheter pressure gradient or Doppler 
pressure gradient of 20  mmHg across the COA. A 
COA pressure gradient >20  mmHg warns of major 
COA and secures interventional/surgical repair. Our 
data revealed that MVDs and COA have mechanical 
interactions with one another, alter the pressure gradi-
ent across the COA, and lead to overestimating or un-
derestimating the disease (Figures 5, 7, 9, 12, and 14). 
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As examples, Doppler and catheter pressure gradients 
were exacerbated significantly in the following cases: 
COA coexisting with MS, AR, and MR; COA coexist-
ing alongside MR and AR; COA coexisting with MS 
and AR, and COA coexisting with AR (Figures 5, 7, 9, 
12, and 14). This is important because wall expansion, 
compression, and collapse are caused by high pres-
sure drops in the COA. Moreover, the pressure drops 
introduced by the presence of the COA and MVDs 
must be compensated for by the LV, and this in turn 
can lead to heart failure. Both Doppler and catheter 
measures documented a transcoarctation pressure 
gradient in patients with COA and MVDs confirmed the 
following findings (Figures 5, 7, 9, 12, and 14):

1. The presence of AS alone does not increase the 
pressure gradient across the COA in patients with 
COA and MVDs (eg, patient 2: COA with AS 
alone: 98.60  mmHg [maximum, Doppler echocar-
diography], 59  mmHg [maximum, catheter]; COA 
with normal valves: 110 mmHg [maximum, Doppler 
echocardiography], 78.7  mmHg [maximum, cath-
eter]; Figure  7).

2. COA pressure gradient elevated in the presence 
of MR alone (eg, patient 2: COA with MR alone: 
122.4  mmHg [maximum, Doppler echocardiogra-
phy], 85.2  mmHg [maximum, catheter]; COA with 
normal valves: 110  mmHg [max, Doppler echo-
cardiography], 78.7  mmHg [maximum, catheter]; 
Figure 7).

3. Pressure gradient across the COA drastically in-
creased in the presence of AR alone (eg, patient 
2: COA with AR alone: 300.76  mmHg [maximum, 
Doppler echocardiography], 182.17  mmHg [maxi-
mum, catheter]; COA with normal valves: 110 mmHg 
[maximum, Doppler echocardiography], 78.7 mmHg 
[maximum, catheter]; Figure 7).

4. The individual COA status remained unchanged 
in patients with MS alone (eg, patient 2: COA with 
MS alone: 115 mmHg [Doppler echocardiography], 
78.8  mmHg [maximum, catheter]; COA with nor-
mal valves: 110 mmHg [Doppler echocardiography], 
78.7 mmHg [maximum, catheter]; Figure 7).

We observed similar pressure gradient characteris-
tics in the other patients with COA and MVDs investi-
gated in this study.

Simulated Global and Local 
Hemodynamics
Global Hemodynamics (Cardiac Function)

The LV workload is an effective metric of the LV func-
tion and its clinical state and is calculated as the area 
encompassed by the LV pressure– volume loop. Our 
results revealed that LV function parameters (eg, LV 

pressure and workload) are dramatically different in 
patients with MVDs. Figures 5, 7, and 9 show exam-
ples of LV pressure and workload in 3 patients with 
COA and MVDs. Our data showed that the LV work-
load in all COA patients with MVDs was universally 
increased because of the presence of AS alone, AR 
alone, MR alone, and when they coexist (Figures 5, 7, 
9, 10, 11, and 14). MS alone does not have a remark-
able impact on LV workload in these patients. As ex-
amples, LV workload and LV pressure in patient 1 are 
as follows (Figure 5): COA with normal valves: LV work-
load, 1.0617 J and LV peak pressure, 122.51 mmHg; 
COA with only AS: LV workload, 1.225 J and LV peak 
pressure, 143.43 mmHg; COA with only AR: LV work-
load, 1.6512 J and LV peak pressure, 136.74 mmHg; 
COA with only MR: LV workload, 1.3599 J and LV peak 
pressure, 123.48 mmHg; COA with only MS: LV work-
load, 1.0472 J and LV peak pressure, 122.07 mmHg. 
We observed similar cardiac function characteristics in 
the other patients with COA and MVDs.

Local Hemodynamics (Aortic Dynamics)
The presence of the COA itself largely modified the 
flow dynamics; the disturbed flow resulting from COA 
detached from the walls and developed into a high- 
speed eccentric jet. Our data described that the ve-
locity downstream of the COA in all patients with AR 
alone was drastically increased (Figures 4, 6, and 8). 
This situation got worse when COA and AR coexisted 
with MR. As an example, maximum velocities down-
stream of the COA in patient 2 (Figure 6) are as fol-
lows: COA with normal valves: 5.27  m/s, COA with 
only AR: 8.8 m/s, COA with AR and MR: 9.36 m/s. AR 
and MR, when coexistent with COA, substantially alter 
the velocity magnitude downstream of the COA, fur-
ther encouraging turbulent flow downstream of COA, 
and may lead to significant progression of the disease 
at the COA region (Figures 4, 6, and 8). We observed 
similar characteristics in the other patients with COA 
and MVDs investigated in this study.

Such flow alterations contributed to elevated wall 
shear stress mainly at the neck of the COA as well as 
distal to the COA. Wall shear stress, as a force induced 
by blood flow, has a major impact on regulating en-
dothelial function and is a predeterminant biomarker 
of disease progression. In this study, the total shear 
stress exerted on the aorta wall was evaluated using 
time- averaged wall shear stress (TAWSS). Our data 
explained that MVDs impacted TAWSS at the COA 
region and can further increase the TAWSS (eg, COA 
coexists with AR alone, COA coexists with MR alone, 
COA coexists with AR and MR) (Figures 4, 6, and 8) or 
improve the TAWSS (eg, COA coexists with AS alone) 
(Figures 4, 6, and 8) at the COA region. Local pertur-
bation in shear stress exposes endothelial cells to high 
shear stress, which affects vessel distensibility and 
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compliance and potentially leads to vascular diseases. 
Although high wall shear stress may act as a deter-
rent against formation of atherosclerosis, very high wall 
shear stress can trigger endothelial cells to express a 
transcriptional profile that ultimately leads to arterial re-
modeling, rupture, and dissection.

In addition, systemic arterial compliance (stroke vol-
ume/pulse pressure) was obtained as an index of ar-
terial hemodynamics. Patients with COA usually have 
upper extremity hypertension and are characterized 
by reduced systemic arterial compliance. Our results 
suggest that any combination of MVDs along with COA 
substantially alters the systemic arterial compliance 
magnitudes (Figures 13 and 14).

DISCUSSION
MVDs, which are classified as various combinations of 
different aortic and mitral valvular pathologies such as 
AS, AR, bicuspid aortic valve, MR, and MS, are often 
present in conjunction with COA. We sought to find out 
if in patients with COA and MVDs the interactions be-
tween MVDs and COA have dramatic impacts on both 
the local and global hemodynamics. It is important to 
note that in current clinical practice, proper treatment 
is difficult to administer when COA and MVDs are pre-
sent. Treatment is often performed in a multiple- stage 
approach, because higher morbidity rates have been 
recorded if several pathologies are repaired simulta-
neously.22,32,36 It is often unclear what the effects of 
each pathology are on the cardiovascular system and 
which pathology is more life threatening. Furthermore, 
timing of intervention is crucial, because the overload 
on the LV because of COA and MVDs is likely to lead 
to LV dysfunction, cardiac failure, and death if not 
treated promptly.22,28,77 To date, there are no standard-
ized guidelines, and the ideal treatment methods are 
often unclear for individuals suffering from COA and 
MVDs.34,37 Hemodynamic significance of MVDs and 
COA must be analyzed carefully to establish proper 
treatment methods, because an individualized treat-
ment approach is crucial for the optimal recovery of 
each patient.40,41 In the present work, there are several 
findings that should be individually discussed.

Doppler Echocardiography COA Pressure 
Gradient Is a Poor Indicator of COA 
Severity When Coexisting With MVDs
Our results demonstrate that in patients who suffered 
from COA and MVDs (one or a combination of AS, AR, 
MS, and MR):

1. The presence of AS alone or MS had no major 
effects on the pressure gradients across the COA 
measured by Doppler echocardiography. In these 

patients, the pressure gradient was because of 
COA itself.

2. Moreover, the COA pressure gradient was nonre-
markably elevated in the presence of MR.

3. In contrast, the presence of AR had major effects on 
the COA pressure gradients; AR interacted with COA 
and amplified the COA pressure gradients measured 
by Doppler echocardiography. This is crucial be-
cause the high- pressure loss because of COA can 
be exacerbated by AR, speeding up the collapse of 
the aorta wall.8,78– 82

As one example, in the case of COA patient 1 with actual 
status of severe AS, mild– moderate AR, and mild– moderate 
MR, the Doppler echocardiography COA pressure gra-
dients (47.3 mmHg [maximum] and 21.50 mmHg [mean]) 
were almost as if this patient had normal valves (39.8 mmHg 
[maximum] and 19.09 mmHg [mean]) (Figure 5). This is ex-
tremely critical for the following 2 reasons:

1. In the case of COA coexisting with AS alone in 
this patient (no AR, MR, or MS), Doppler echocar-
diography COA pressure gradients dropped from 
47.3 to 30.7  mmHg (maximum) and from 21.50 to 
12.04 mmHg (mean). This shows that the COA pres-
sure gradient may be masked and underestimated 
in the presence of AS.

2. In the case of COA coexisting with AR alone in this patient 
(no AS, MR, or MS), Doppler echocardiography COA 
pressure gradients elevated from 47.3 to 75.2  mmHg 
(maximum) and from 21.50 to 30.50 mmHg (mean). This 
reveals that the COA pressure gradient may be overesti-
mated in presence of AR alone.

Catheter Pressure Gradient Fails to 
Reflect the Effect of MVDs on the Clinical 
Assessment of COA Hemodynamics
The gold standard for diagnosis and grading of COA is the 
measurement of the pressure gradient across the site of 
coarctation by cardiac catheterization.83 Because precise 
positioning of the probe in the vena contracta is difficult, 
probes are typically placed 1 to 2 cm distal to the coarcta-
tion, where velocity is reduced and the flow is influenced 
by the pressure recovery phenomenon, decreasing the 
accuracy of the measurement.73,84 In addition to the inva-
sive nature of the procedure that hinders follow- up, and 
sedation, which is frequently required, it can reduce car-
diac activity and lead to an underestimation of the pres-
sure gradient.85 For patients with COA who also suffer 
from AS, MS, MR, or a combination, we did not observe 
major effects because these valvular diseases on the 
catheter pressure gradient and the measured COA gradi-
ent were produced by COA itself (similar to Doppler echo-
cardiography pressure gradients). In contrast, similar to 
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observations about Doppler echocardiography pressure 
gradients, the coexistence of AR with COA greatly am-
plified the catheter COA pressure gradient, leading to an 
overestimation of the severity of coarctation. Furthermore, 
catheter (and Doppler) COA pressure gradients are highly 
influenced by the flow rate, and they are nonlinearly re-
duced when the flow rate is decreased. The relief of the 
pressure gradient through COA does not correlate with 
the relief of symptoms or functional improvements.84

MVDs Exacerbated the COA 
Hemodynamics (Local)
The jets emerging from the COA orifice substantially 
alter the vortical structure in the aorta, creating dis-
turbed flow, leading to high shear stress mainly down-
stream of the COA.8,72,86 Our results demonstrate that 
MVD interacts with COA fluid dynamics, amplifies irreg-
ular flow patterns, and consequently increase TAWSS, 
especially downstream of COA. In patients with COA 
who also suffered from AS, MS, or a combination, the 
presence of these valvular diseases had modest ef-
fects on the COA. However, the presence of AR and/
or MR, compared with the other valvular diseases (AS 
and MS), had major impact on the COA hemodynam-
ics as they interacted with COA, and through increas-
ing TAWSS, they may contribute to speeding up the 
progression of the COA more than other valvular dis-
eases do. These progressions may include endothe-
lial dysfunction, dedifferentiation of the arterial smooth 
muscle, and medial thickening, all of which can lead to 
major aortic wall complications such as aortic aneu-
rysm, rupture, and dissection at the COA region.

MVDs Exacerbated the Left Ventricular 
Function and Hemodynamics (Global)
Our results reveal that COA and some components of 
MVDs increase the burden on the LV (eg, AS alone, AR 
alone, MR alone, and when they coexist). Compared 
with the other valvular diseases, the presence of AR 
and/or MR, when coexistent with COA, elevates the 
heart workload significantly because of the increased 
stroke volume, causing LV volume overload. Therefore, 
uncorrected COA along with AR and/or MR cause an 
overloaded LV, resulting in faster deterioration or fail-
ure of the LV. To plan interventions as well as their se-
quence, our findings suggest that not only the severity 
of the COA and MVDs should be considered, but the 
breakdown of the effects of each disease constituent 
on the global function of the heart should also be con-
sidered. It is crucial to identify patients in whom AR 
and/or MR coexists with COA; in these patients, the 
increased risk of a double procedure may be justified, 
because correcting one pathology at a time has limited 
use in reducing myocardial strain and causes persis-
tent increased LV mass and hypertrophy.

Limitations
We developed a computational fluid dynamics framework 
using a 3D LBM (large eddy simulation, Smagorinsky 
subgrid scale model) and lumped parameter model to 
simulate both the local and global hemodynamics in pa-
tients with MVDs and COA. One limitation of our simula-
tions is lack of modeling of the aortic and mitral valves. A 
diseased aortic valve (eg, bicuspid aortic valve or aortic 
stenosis) creates complex blood flow patterns in the tho-
racic aorta that influence the local hemodynamics in the 
coarctation region.72,87,88 However, the good agreements 
between results calculated using our computational 
framework with the results measured using clinical 4D 
flow MRI, Doppler echocardiography, and cardiac cath-
eterization, which include moving aortic and mitral valves, 
show that this limitation does not significantly modify the 
conclusions of this study. Please note that considering 
moving aortic and mitral valve leaflets as well as modeling 
the LV are computationally expensive and complicated. 
Future numerical studies should consider the interactions 
between the fluid and structure and investigate the effect 
of dynamical opening and closing of the aortic valve leaf-
lets on the vortex dynamics in the aorta.
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