S4 Method. Mathematical derivation and explanation of all hemodynamic parameters of interest
guantified in the study.

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:
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where the diagonal entries o represent the normal stresses acting onto the fluid elements and the remaining
elements 7 describe the shear stresses. Here, u 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:
ou; Juy;
Tijviscous = K <(’)_x] + (’)_xl> = 2uD;;j ()

Di; is the strain rate tensor and u: 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 [1]:

Tyiscous

G)

1
= ﬁ\/axxz + O-yy2 + O-Zzz - (O-xxo-yy + O-XXGZZ + O-yyo-zz) + S(Txyz —+ szz + T_‘yzz)



Reynolds Shear Stress

In an in-vitro study by Giilan et al. [2], 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. [2] When the Boussinesq’s assumption is employed, Equation (4) is obtained [1, 3]:
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with pe being the eddy viscosity, p the density, k the turbulence kinetic energy and §i; the Kronecker delta.
The eddy viscosity u¢ is calculated depending on the chosen turbulence model, e.g., determined by the
turbulent kinetic energy k and the turbulent frequency ® for the SST model.

Total Shear Stress

In conclusion, the definition of the total shear stress (TSS) tensor elements in index notation is:

B N {0y N du; N ou; N du; 2 "6
Tijtotal = Tijwviscous T TijReynolds = U ax]- %, U axj %, 3P ij

- ou; N ou;\ 2 LS (5)
= (u+ue) dx; | Ox; 3,0 ij
The corresponding scalar equivalent stress ultimately equals to Equation (6):
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Where aij; is the abbreviation of the total stress component aij otal.

Wall Shear Stress

In the cardiovascular context, the wall shear stress (WSS) 1s 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 [4].

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 u;":
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According to Itatani et al. [5], 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. [5]
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 V(x; t) and vorticity
field w(x;t) = VX V(x;t):

H(x,t) =V(x;t) - w(x;t) )]
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. [5]
A corresponding normalized quantity is introduced by Morbiducci et al. [6], the local normalized helicity
LNH:
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