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By using a Lagrangian representation of the aortic flow, we apply an index for helical 

flow quantification
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Rationale

Flow induced wall shear stress (WSS) is thought to play an important role in the initiation and 
progression of vascular diseases. 
Accurate assessment of WSS in aorta is of paramount importance in order to get further insight into 
the comprehension of the role played by WSS in vascular disease.

However, while in vivo direct measurements of blood velocities in the bulk and flow rates in aorta 
are sufficiently affordable and accurate, reliable in vivo estimation of WSS is still a challenge.

Coupling medical imaging and CFD allows to calculate highly resolved blood flow patterns in 
anatomically realistic models of the thoracic aorta, thus obtaining the distributions of WSS at the 
luminal surface. 

However, the increasing reliance on CFD for hemodynamic simu lations requires a close look 
at the various assumptions required by the modeling  activity. 

In particular, much effort has been spent in the past to assess the sensitivity to assumptions 
regarding boundary conditions (BCs).
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Aims

(1) to identify the individual, not invasively measured PC MRI-based BCs scheme that 
better replicates the measured flow rate waveforms;

(2) to describe the impact that different strategies of combining PC MRI-based outlet 
BCs have on WSS distribution . The identification of a proper set of individual not-
invasively measured BCs can eliminate potential sources of error and uncertainties in 
blood flow simulations in the human aorta.
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1) 4D PC-MRI in-vivo data                                  Flow rate  waveforms

a) - Navier-Stokes & Continuity

2) CFD 
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b) UDF:  Boundary Conditions

c) Export  WSS on ASCII file

3) MATLAB                                                    Post processing: TAWSS, OSI, RRT 
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Fluent Code settings:

• Velocity: second order upwind

• Pressure: linear interpolation

• Pressure –velocity coupling: SIMPLE

• Transient formulation:  t = 0.001 ms
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• PC-MRI reconstructed human
thoracic aorta;

• Hexahedral mesh of 1.5 million
cells.

• pyFormex:   
http://www.pyformex.org .
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Model A2
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• PC-MRI reconstructed human
thoracic aorta;

• Hexahedral mesh of 1.5 million
cells.

• pyFormex:   
http://www.pyformex.org .



(�#���	��	�#������

Measured Flow Rate Waveforms as Boundary Conditions
in Hemodynamic Simulations
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Outlet 
Treatment 
Scheme

DAo BCA LCCA LSA

I P COR COR COR

II MFR P P P

III P P P P

IV MFR COR COR P

V MFR MFR P P

VI P MFR MFR MFR

Constant 
Outflow 

Ratio

Model
A1

Model
A2

BCA 13.4% 26.7%

LCCA 10.6% 5.5%
LSA 12.0% 0.3%

P:  Stress free condition
COR: Constant Outflow Ratio (% of AAo inlet flow rate)
MFR: Measured Flow Rate

Flow rate at AAo inlet 
section prescribed in terms 

of flat velocity profile
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TAWSS (Time Averaged WSS)

• TAWSS < 0.4 Pa                                      atherogenic risk
• TAWSS > 1.5 Pa                                      atheroprotective
• TAWSS > 10-15 Pa                                  endothelial damage
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OSI (Oscillating Shear Index)

• High OSI                                 intimal thickening
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RRT (Relative Residence Time)

• High RRT                         atherosusceptible
• Low RRT                          atheroprotective
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TAWSS1: TAWSS < 0.5 Pa

TAWSS2: TAWSS < 0.6 Pa

TAWSS3: TAWSS < 0.7 Pa

OSI1:  OSI > 0.2 

OSI2:  OSI > 0.3

OSI3:  OSI > 0.4

RRT1: RRT > 4 m2/N

RRT2: RRT > 6 m2/N

RRT3: RRT > 8 m2/N

Root Mean Square (RMS) of TAWSS, OSI and RRT 
was computed over patches.

A1

A2
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Aorta models A1 and A2 were compared using Cohen distance d:

For a chosen index and a model Ai:

• is the area-averaged mean of the index;

• is the area-averaged standard deviation of the index.
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Aorta A2: 6 refinements 10.000 ÷ 1.500.000;
Distributions of descriptors associated with each grid were 

compared through Cohen d;
The trend of d indicates that, refining the mesh, the  descriptors 

become closer to the desired resolution. 
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DAO Gin-vivo vs in-silico Flow Rate

scheme I (blue ) - measured values  approximated better for A2
scheme III (red) - highest differences

scheme VI (light blue ) - agreement with in-vivo waveforms
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TAWSS

(1) Proximal outer arch curvature

(2) Focal regions on DAo
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TAWSS VI - Model A1

Neumann BC on DAo – P



(1) Proximal outer arch curvature

(2) Focal regions on DAo

TAWSS VI - Model A2
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TAWSSNeumann BC on DAo – P



(�#���	��	�#������

schemes II – III : imposition of stress-free condition at all the supra-
aortic sections may reduce flow stagnation regions;

scheme I : on model A2, constant outflow ratio on LSA is 0,3% of the 
inlet flow at the AAo.
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TAWSS

Model A2Model A1
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OSI
Neumann BC on DAo – P

Model A2Model A1
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scheme I :    low OSI values on both models;
scheme III : on model A2, flow rate waveform of DAo has a damped 

dynamics with respect to other in-silico and in-vivo flow 
rate waveforms.
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OSI

Model A2Model A1
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RRT
Neumann BC on DAo – P

Model A2Model A1
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RRT

scheme III : high values on model A1, because of high OSI values;
scheme I : high values on model A2, as a consequence of low TAWSS 

values.

Model A2Model A1



TAWSS is always higher in model A1 (d > 0);
RRT is always higher in model A2 (d < 0);
OSI d has positive or negative signs, depending on the BC scheme;

Model A1 is more atheroresistant .
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I II III IV V VI

TAWSS 0.3851 0.4246 0.6169 0.3652 0.3724 0.3666
OSI 0.0828 -0.1389 0.0004 -0.1179 -0.2032 -0.1601
RRT -0.3196 -0.2131 -0.2252 -0.2395 -0.2734 -0.2655

Cohen 
distance d

BC scheme
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- Patient-specific hemodynamic simulations of aortic  flow is feasible 
by applying scheme VI;

- Prescribing not-invasively measured flow rate as BCs on t he supra-
aortic branches and pressure on Dao (scheme VI):

- in-silico blood flow rates match PC-MRI measurements ;

- Different schemes of BCs can influence WSS-based des criptors: 
- they mainly affect descriptors value than their distribut ion;

It is recommended to prescribe time-varying outflow BCs base d on in-
vivo accurate measurements (for example  VI).
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Rationale
Image-based hemodynamic models of cardiovascular di stricts can be sensitive to
assumptions regarding boundary conditions

Aim
Evaluate influence that velocity profiles prescribed at t he inlet section (AAo) have in 
hemodynamic models of the human aorta on:

-Bulk flow
-Wall Shear Stress

How
Image-based hemodynamic models of human aorta & PC MRI individual measurements of 
3D velocity profiles
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aao

out1out2out3

dao

Image-based model aorta

1mesh 6MLN tethrahedral cells

Finite Volume Method (Fluent Solver)
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PRELIMINARY-STUDY
Steady state analysis 
2 time frames (T1,T2)

Boundary Conditions
- 3D measured PC MRI Velocity profile
- Flat Velocity profile [V-mean measured (PCMRI)]

T1

T2
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Flat V profile
3D PC MRI 

measured profile

����	���G !
�����	�
���'��	
����	
�

T1Inlet section AAo
Velocity vectors 
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Flat V profile 3D PC MRI measured profile
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Flat V profile 3D PC MRI measured profile
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Flat V profile
3D PC MRI 

measured profile

T2
Inlet section AAo
Velocity vectors 
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Flat V profile 3D PC MRI measured profile
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 �������G H""����,<
Flat V profile 3D PC MRI measured profile
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From preliminary analysis

- Inlet velocity profiles seem to influence both bulk  flow and WSS 
distribution

WORK IN PROGRESS



umberto.morbiducci@polito.it


