SUPPLEMENTARY MATERIAL
Investigation of hemodynamic flow patterns caused by aortic stenosis using a combined 4D Flow MRI-CFD framework

Tianai Wang1, Christine Quast2, Florian Bönner2, Malte Kelm2,3, Tobias Zeus2, Teresa Lemainque4, Ulrich Steinseifer1, Michael Neidlin1

Affiliations:
1: Department of Cardiovascular Engineering, Institute of Applied Medical Engineering, Medical Faculty, RWTH Aachen University, Aachen, Germany
2: Department of Cardiology, Pulmonary Diseases and Vascular Medicine, Heinrich-Heine University, Düsseldorf, Germany
3: CARID, Cardiovascular Research Institute Düsseldorf, Heinrich-Heine University, Düsseldorf, Germany
4: Department of Diagnostic and Interventional Radiology, Medical Faculty, RWTH Aachen University, Aachen, Germany

*Correspondence:
Name: Tianai Wang
Address: Department of Cardiovascular Engineering, Institute of Applied Medical Engineering, Forckenbeckstr. 55, 52074 Aachen, Germany
Email address: wang@ame.rwth-aachen.de
ORCID-ID: 0009-0000-5851-3915

S-I: Scanning Parameters
Supplementary Table 1 Scanning parameters of the 4D Flow MRI measurements
	
	Healthy
	Aortic valve stenosis

	Image orientation
	Axial
	Sagittal

	Spatial resolution
	1.563 mm x 1.563 mm x 1.56 mm
	0.789 mm x 0.789 mm x 1.4 mm

	Temporal resolution
	24.2 ms
	34.4 ms

	Velocity encoding
	150 cm/s
	120 cm/s



S-II: Mesh Independence Study
ANSYS ICEM CFD (ANSYS, Inc., Canonsburg, PA) was used for mesh generation. Here, an unstructured grid with tetrahedral elements was applied for the bulk region, and the near-wall region contained layers of prism elements. A mesh independence study was carried out for three parameters of interest and three subsequent steps using the aortic valve stenosis (AS) model, since the AS flow was expected to be more complex, thus posing higher requirements for mesh independency than the healthy (H) flow. Therefore, it was assumed that mesh independency acquired for the AS model would also be suitable for the healthy case. According to Celik et al. [1], the grid refinement factor R for grid size h should be at least 1.3 between subsequent meshes to yield significant changes:
	
	(1)


First, the prism elements in wall vicinity were defined in relation to the resulting maximum Y+ value in the entire domain. The height of the initial layer was adjusted gradually until Y+ dropped and remained below 1. This was achieved for an initial height of 0.0125 mm. 
Next, the tetrahedral elements were investigated. Due to significantly differing flow conditions in the ascending and the descending aorta, the requirements for a suitable mesh were expected to differ accordingly. Therefore, the mesh independency was obtained for each region separately. For the aortic arch and the descending aorta, the entire aortic model was utilized for the mesh independency analysis. For the ascending aorta, however, since significantly smaller element sizes were expected to be required, the model was cut at the aortic arch in order to reduce the total amount of elements. This enabled computationally less expensive calculations. The interface at the modified outlet was defined by using pressure values extracted from the corresponding simulation results of the entire aorta.
For both regions, the maximum element size was reduced gradually until the systolic, area-averaged values for the velocity and the total shear stress on cross-sectional ROIs along the ascending or descending aorta, as well as the area-averaged wall shear stress on the entire wall domain converged with a percentage change between two subsequent meshes below 5 %. 
The final mesh setting parameters are listed in Supplementary Table 2 and shown in Supplementary Figure 1.
[bookmark: _Ref157075452]Supplementary Table 2 Mesh setting parameters obtained after mesh independency analysis
	General information
	

	Number of nodes
	1.23 million

	Number of elements
	4.65 million

	
	

	Prism elements
	

	Initial height in mm
	0.0125

	Height ratio
	1.2

	Number of layers
	12

	
	

	Tetrahedral elements
	Ascending aorta
	Aortic arch + descending aorta

	Scale Factor
	1
	1

	Max element
	0.5
	2

	Curvature min size limit
	0.5
	0.5

	Elements in gap
	1
	1

	Refinement
	30
	30


[image: S01_Meshes]
[bookmark: _Ref157792832]Supplementary Fig. 1 Meshes shown on a sagittal and cross-sectional cut plane, including a zoomed in view of the boundary layer. (a) Healthy individual, (b) Individual with AS

S-III: Parameters of Interest
Viscous Shear Stress
Viscous shear stresses (VSS) are caused by molecular diffusion and are present for both laminar and turbulent flow. They are responsible for the strain rate which leads to the deformation of fluid elements. Viscous stresses can be written in the form of a stress tensor:
	
	(2)


where the diagonal entries σ represent the normal stresses acting onto the fluid elements and the remaining elements τ describe the shear stresses. Here, μ is the fluid dynamic viscosity and the variables u, v, and w describe the velocity components in x, y and z-direction, respectively, in laminar flows or their statistically averaged quantities in turbulent flows. Utilizing the index notation, the elements of the viscous stress tensor are rewritten as follows:
	
	(3)


𝐷𝑖𝑗 is the strain rate tensor and 𝑢𝑖 defines the i-component of the velocity in laminar flows or its statistically averaged quantity in turbulent flows. Often, a simplified scalar representative stress is advantageous for further analysis, especially in numerical applications, such as the prediction of RBC damage. For viscous stress, the following formulation, among other equivalent expressions, represents the three-dimensional stress conditions [2]:
	
	(4)



Reynolds Shear Stress
In an in-vitro study by Gülan et al. [3], a positive correlation was identified between the total flow stress on a fluid particle, i.e., viscous stresses and Reynolds stresses, and the severity of vessel diameter reduction in an aortic phantom. Thus, these stresses might serve as a parameter to localize regions of higher impact onto the RBCs. [3] When the Boussinesq’s assumption is employed, Equation (5) is obtained [2, 4]:
	
	[bookmark: _Ref157076320](5)


with 𝜇𝑡 being the eddy viscosity, 𝜌 the density, 𝑘 the turbulence kinetic energy and 𝛿𝑖𝑗 the Kronecker delta. The eddy viscosity 𝜇𝑡 is calculated depending on the chosen turbulence model, e.g., determined by the turbulent kinetic energy k and the turbulent frequency ω for the SST model.
Total Shear Stress
In conclusion, the definition of the total shear stress (TSS) tensor elements in index notation is:
	
	(6)



The corresponding scalar equivalent stress ultimately equals to Equation (7):
	

	[bookmark: _Ref157076542](7)



Where 𝜎𝑖𝑗,t is the abbreviation of the total stress component 𝜎𝑖𝑗,total.
Wall Shear Stress
In the cardiovascular context, the wall shear stress (WSS) is defined as the friction stress of the blood flow applied tangentially onto the vessel wall. WSS can be calculated by multiplying the blood viscosity with the local velocity gradient, or the shear rate at the wall. WSS is a trigger for vessel wall remodeling, as it has an impact on the endothelial cell function. Therefore, abnormalities and increasing flow rates can lead to the development of diseases such as atherosclerosis or aneurysms. Therefore, it often serves as a marker for abnormal blood flow and the precise measurement is of particular clinical interest [5].
Turbulent Kinetic Energy
The turbulent kinetic energy (TKE) can be calculated from the Reynolds normal stresses and serves as a characteristic scale for the extent of turbulence by evaluating the kinetic energy carried by turbulent fluctuations :
	
	(9)


According to Itatani et al. [6], TKE is especially suitable for analysis of pathological turbulent blood flows that are strongly disturbed, as this quantity is independent from the in-vivo measurement resolution. They further empathize its use for AS flow hemodynamics characterized by a high velocity flow jet. [6]
Helicity
3D flow is characterized by a volumetric swirling behavior including helical spiraling. This torsion is described by helicity H, the scalar product of the space- and time-dependent velocity  and vorticity field :
	
	(10)


High helicity is particularly present in blood flow fields altered by aortic valve diseases and therefore frequently investigated for cardiovascular diseases and the efficiency of the flow behavior. It indicates high cross-linked characteristics of vortex filaments which lead to local peaks of mechanical stress. [6]
A corresponding normalized quantity is introduced by Morbiducci et al. [7], the local normalized helicity LNH:
	

	(11)



S-IV: Validation of ROI A Velocity
[image: S03_ValidationA]
Supplementary Fig. 5 Validation results of the 4D Flow MRI-based model, each plot compares the 4D Flow MRI measured values with the corresponding numerically determined velocities. (a) Area-averaged temporal evolution of velocity for H case on ROI A. (b) Area-averaged temporal evolution of velocity for AS case on ROI A
S-V: MRI and CFD Velocity Maps for AS
[image: S02_ROIA]
Supplementary Fig. 2 Velocity maps for AS on ROI A during early systole. Left: high-resolution CFD velocity contour. Right: low-resolution 4D Flow MRI velocity contour

[image: S02_ROIB]
Supplementary Fig. 3 Velocity maps for AS on ROI B during early systole. Left: high-resolution CFD velocity contour. Right: low-resolution 4D Flow MRI velocity contour
[image: S02_ROIC]
Supplementary Fig. 4 Velocity maps for AS on ROI C during early systole. Left: high-resolution CFD velocity contour. Right: low-resolution 4D Flow MRI velocity contour
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Velocity on ROI B for Aortic Stenosis Case derived from
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Velocity on ROI C for Aortic Stenosis Case derived from
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