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1. Executive Summary 
This deliverable report describes the fully automated method to compute the patient-specific evaluation of 

the local and regional arterial wall properties on the basement of the aorta acquired non-invasively from 

magnetic resonance imaging (MRI). The proposed approach is based on a fluid structure interaction blood 

flow model which is personalized so as to closely match patient-specific quantities, which are extracted 

either through non-invasive measurements, or from medical images of the patient. Several pre-processing 

steps extract the input information required for the blood flow computation, and, then, a comprehensive 

parameter estimation framework is employed so as to personalize the boundary conditions and the wall 

properties in the regions of interest. As a result, both blood flow properties, like time-varying pressure and 

flow rate along the aorta, and quantities describing the local and regional wall properties, like local wave 

speed, local area compliance, and downstream volume compliance, are determined. The computed 

quantities of interest may be used in patient stratification, disease estimation and/or therapy planning. 

We applied the whole data processing pipeline on three patients (one from each clinical site) of the 

CARDIOPROOF database with valve disease and analyzed the resulting quantities. Finally, we integrated the 

computed quantities into our clinical prototype, which can be used for clinical data analytics. 

2. Introduction 

2.1. Clinical Background and Motivation 

Arterial distensibiliy is an important factor for the development and assessment of cardiovascular diseases 

[Laurent et al., 2006], [Mitchell et al., 2010], [Vlachopoulos et al., 2010]. Typically, the arterial distensibility 

is described by the arterial compliance (or the arterial elastance – the inverse of the compliance), which is 

responsible for important functional aspects of the systemic circulation: larger blood flow rate in the 

coronary arteries during diastole, reduction of left ventricular afterload (during systole), continuous flow at 

the level of the capillaries, etc. Previous studies have shown that arterial compliance changes with age 

[Avolio et al., 1983] or hypertension [McVeigh et al., 1991], [Simon et al., 1979]. The vast majority of the 

systemic compliance is given by the aorta and the large arteries bifurcating from the aorta [Sipkema et al., 

1990]. Its distribution along the arteries is non-uniform [Stergiopulos et al., 1999], [Vulliemoz et al., 2002], 

[Westerhof et al., 1969] and changes with age [Learoyd et al., 1966]. 

The arterial wall properties at a certain location in the systemic circulation can be described by the local 

compliance, typically defined as area compliance, CA, or by the local pulse wave velocity c. The arterial wall 

properties can also be described globally, for a certain region or for the entire systemic circulation, by the 

volume compliance CV. 

2.2. Previous Work 
Several methods have been proposed in the past for non-invasive estimation of arterial wall properties 

[Stergiopulos et al., 1995], [Westerhof et al., 2010]. Each of these methods has its inherent limitations and 

difficulties when being applied in clinical practice. For example, the methods which rely on the transit time 

of the flow/pressure wave (the transit time is the time required for a flow/pressure wave to travel the 

distance between two locations) have a low accuracy if the distance used for the estimation of the transit 

time is relatively short. Furthermore, these methods can only provide an average value of the arterial wall 

properties for the region of interest.  
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On the contrary, methods which estimate the local properties of the arterial wall are very sensitive to 

measurement noise: 

- the ACM method [Saouti et al., 2012] estimates the local area compliance as CA = ΔA / ΔP, where ΔA is 
the difference between minimum and maximum cross-sectional area during a heart cycle and ΔP is the 
pulse pressure; 

- the Pulse Pressure Method (PPM) [Stergiopulos et al., 1999] estimates the downstream volume 
compliance from the flow rate waveform and from the pulse pressure; 

- the PU-loop method [Khir et al., 2001]  estimates the local wave speed as c = dP / ρdU during early 
systole, where dP is the derivative of the pressure and dU is the derivative of the blood flow velocity; 

- the DU-loop method [Feng at al., 2010] estimates the local wave speed as c = 0.5 dU / d(lnD) during 
early systole, where dU is defined as above and D is the diameter;  

All these methods require accurate measurements / estimation of the pressure/velocity/area waveforms, 

which are not readily available or are susceptible to estimation errors when determined non-invasively. 

3.  Proposed System and Method Estimating the Mechanical Properties of the 

Aortic Vessel Wall 

3.1. Overview 

To overcome the limitations of the previously used computational approaches, we propose a framework 

which is able to automatically and robustly estimate both local and regional wall properties from medical 

image data. This framework is based on a fluid-structure interaction (FSI) blood flow model, and on 

personalization procedures, which estimate the parameters of the model so as to ensure that the 

computational results match the patient-specific measurements. Under the proposed method, we perform 

the following main steps: 

 Step 1: Acquire patient data: medical images, non-invasive measurements, etc.;  

 Step 2: Extract patient data: anatomical model, flow data, etc.; 

 Step 3: Apply parameter estimation framework based on fluid-structure interaction blood flow 
model to robustly determine local and regional arterial wall properties;  

 Step 4: Visualize the computed data as outcome curves, or as scalar and/or vector fields overlaid or 
displayed as attributes of the segmented geometries or the imaging data. 

 

Note that: 

 Any type of FSI blood flow model may be used: multiscale, three-dimensional, one-dimensional, 
lumped; 

 Any type of medical imaging technique may be used to extract the input information required for 
the proposed framework: magnetic resonance, ultrasound, Doppler, computer tomography, 
angiography, phase-contrast MR. 

 

Figure 1 displays a generic flowchart of the method. 
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Figure 1: Flowchart of the proposed approach. 

 

In the following we focus on steps 2 and 3.  

 

3.2. Extract patient data 

Since most of the systemic arterial compliance resides in the aorta, in the following we focus on this part of 

the arterial circulation, but the methods described in the following may also be applied to other large 

arteries. In the following we describe the data processing steps in the Siemens 4D Flow Tool. 

1. We load the 4D flow MRI sequences in the 4D Flow Tool. For every clinical site we need to load 

different series. 

a. Data from Berlin: There is a python script available which converts automatically the 4D 

flow data to the Siemens DICOM format. The user has to mark 4 series in the Patient 

Browser which have a 4D in the beginning or an “rl, ap, fh” in the end of the name. 

  
b. Data from London: The correct 4DFlow data begin with “Spiral3Dflow…” 
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c. Data from Rom: The correct 4DFlow data begin with “4Dflows_AO…” 

 
2. After loading the 4D flow DICOM series, we run image correction algorithms. 

a. Background Phase Correction: Background phase correction is performed by fitting a 

hyperplane to the stationary voxels and correcting the velocities so that the voxels on the 

hyperplane have zero velocity. The stationary voxels are determined by looking at the 

variance of the velocities over time. The voxels in the air regions are expected to have very 

high variance, the voxels in the moving regions (vessels) are expected to have high 

variance, and the stationary voxels are expected to have low variance. The stationary 

voxels are found by adaptively thresholding the histogram of variances.  

b. Phase Anti-Aliasing: When enabled, phase unwrapping is applied to the phase-contrast 

images. Phase anti-aliasing is done by examining voxel velocities over time. Voxels are 

processed one at a time, independently of their neighbors. The algorithm looks for pairs of 

opposite large jumps (larger than 2*VENC) in the velocity time curves. In such cases, the 

velocities between the jumps are corrected to remove the wrap around that was 

introduced by the velocity encoding. 

c. Motion Tracking: Anatomical images are registered using a symmetric deformable 

registration technique and the resulting deformation field is used to track segmented 

threshold/vessel models, analysis planes and particle seeds over time. The switching 

motion tracking on/off updates the visualization and evaluation results based on the 

moving/static models, planes and particle seeds. Computed deformation field is cached 

and kept until the study is closed. The symmetric deformable registration tries to maximize 

the cross correlation between pairs of volumes while constraining the deformation field to 

be smooth. All volumes in the time sequence are registered to the first volume in the 

sequence, and both deformation field and inverse deformation field are recovered. This 

enables the application to know the deformation field between any two pairs of volumes in 
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the sequence. 

3. To start the segmentation task the user sets the seed points. Starting with the first seed point at 

the beginning of the ascending aorta at the aortic valve, the user sets the following seed points 

along the aorta. The last seed point should be set as much at the bottom of the descending aorta as 

possible. In most of the cases 3-5 seed points (blue circles) were enough to run the automatic 

segmentation which based on a clustering approach which groups voxels in the 4D Flow data into 

static tissue, air/lung and blood. This segmentation mode can be used for fully automatic 

visualization of loaded 4D Flow data with volume seeding or by defining particle seed emitter 

planes. This mode is designed to give a first approximate segmentation for visualization purposes, 

the segmentation might not be accurate. When using this segmentation mode for quantification on 

analysis planes, it is important to check and correct the segmentation using the manual 

segmentation/nudge tools. 

 
Seed points are considered either as centerline end points when placed at the distal branch locations or as 

correction points when placed along a branch between other seed points. In the former case, the extracted 

centerline branch passes nearby that seed point. The user can further extend or correct an extracted initial 

centerline tree by placing more seed points. 
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The lumen segmentation outputs the vessel lumen model and refined centerline tree, which can be then 

used for visualization and evaluation purposes. The segmentation display mode is automatically switched to 

vessel mode after lumen segmentation. 
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4. The next step the user can run the flow evaluation, where we usually create 50 cross-sectional 

planes along the centerline. We export the flow rates from the 4D tool for the further processing. 
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As a result of these processing steps the following information is available at a large number of planes (e.g. 

50) along the ascending aorta, the aortic arch, and the descending aorta: 

- Time-varying cross-sectional area; 
- Time-varying flow rate; 
- Time-varying center point. 
Furthermore, pressure information is extracted from cuff-based non-invasive measurements performed at 

the left/right arm, and/or at the left/right leg. 

3.3. Parameter estimation framework for determining local and regional wall 

properties 

Figure 2 displays the proposed parameter estimation framework for determining the local and regional 

arterial wall properties. We have used a multiscale reduced-order blood flow model, but other full-scale or 

lumped parameter blood flow models may also be employed. 

 

Figure 2: Flowchart of the proposed parameter estimation framework for determining local and regional wall properties. 

 

The reduced-order multiscale model is based on the one-dimensional formulation for the aorta and the 

large arteries, for which anatomical information was extracted in the previous step, and on the three-

element windkessel model for the downstream vasculature [Itu et al., 2013]. 
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The one-dimensional blood flow model is based on the mass conservation (1) and the longitudinal 

momentum conservation equation (2), which are coupled with a state equation (3) in order to close the 

system [Olufsen et al., 2000]: 

0
),(),(











x

txq

t

txA
,           (1) 

),(

),(),(),(

),(

),(),( 2

txA

txq
K

x

txptxA

txA

txq

tt

txq
R






























 ,       (2) 

0
0

0 ),(
1

3

4
),( p

txA

A

r

Eh
txp 














  ,         (3) 

where A(x,t) is the time-varying cross-sectional area, q(x,t) is the time-varying flow-rate, p(x,t) is the time-

varying pressure, A0 is the initial cross-sectional area corresponding to the initial pressure p0, E is the 

Young’s modulus, h is the wall thickness and r0 is the initial radius, α is the momentum-flux correction 

coefficient and KR is a friction parameter corresponding to the viscous losses. 

One-dimensional models have been shown to accurately predict time-varying flow rate and pressure wave 

forms under patient-specific conditions [Reymond et al., 2010]. Further, recent research activities have 

shown the growing interest in the one-dimensional blood flow model not only for the computation of a full 

body arterial model, but also for specific parts of the circulation in patient-specific pathologic situations: 

the coronary circulation [Itu et al., 2012], the abdominal aorta [Raghu et al., 2011], [Low et al., 2012], 

proximal part of the aorta [Itu et al., 2013], and the aortic valve [Mynard et al., 2012]. 

Figure 3 displays the multiscale blood flow model for the aorta and the supra-aortic branches. The aorta is 

divided into a number of segments for which blood is then computed based on the model described above. 

Six different segments are displayed in Figure 3, but this number may be higher or lower depending on the 

actual length of the aorta. 

At the inlet a time-varying flow rate profile is imposed as inlet boundary condition, while the parameters of 

the outlet windkessel boundary conditions are set as described below. 
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Figure 3: Multiscale blood flow model with the input parameters cross-sectional area A(t) and the flow rate Q(t)  
for every time point t over all planes of the aorta segmentation 

 

3.3.1. Preprocess anatomical and flow data 

Anatomical and flow rate information is only available for the aorta. However, to be able to run a reliable 

blood flow computation for the aorta, supra-aortic branches are required. These draw away from the aorta 

a certain volume of blood: if supra-aortic branches are not added to the geometric model, the descending 

aorta would have the same average flow rate as the ascending aorta and as a result considerable errors 

would be expected in the estimation of the arterial wall properties (typically the flow rate in the descending 

aorta is 30-50% lower than the in the ascending aorta). Figure 4 displays an example of how the average 

flow rate, as determined from 4D flow data, varies along the centerline of the aorta. A gradual decrease in 

flow rate can be observed between a length of 30 and 70 mm along the centerline.  

To determine the bifurcation point of the first supra-aortic branch (the brachiocephalic artery) an algorithm 

is employed, which, starting from the ascending aorta inlet, navigates through the centerline locations until 

the average flow rate at the current location decreases below a threshold value given by the average flow 

rate of the previous centerline locations. 

Similarly, to determine the bifurcation point of the third supra-aortic branch (the left subclavian artery) an 

algorithm is employed, which, starting from the descending aorta outlet, navigates in reverse direction 

through the centerline locations until the average flow rate at the current location increases above a 

threshold value given by the average flow rate of the downstream centerline locations. 
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Finally, the bifurcation point of the second supra-aortic branch (the left common carotid artery) is set 

midway between the other two supra-aortic branches. 

 

 

Figure 4: Average flow rate determined along the centerline of the aorta. 

 

As can be observed in Figure 4, due to measurement noise, the average flow rate in the ascending and the 

descending aorta varies slightly from one location to the next. To robustly estimate an average flow rate 

value for the ascending and the descending aorta a linear least squares fit based algorithm is employed, 

which is used to filter out locations with very large or very low average flow rate values. Then, based on the 

remaining locations, a final average flow rate value is determined for the ascending and the descending 

aorta. 

 

3.3.2. Initialize reduced-order blood flow model 

The initialization of the reduced-order blood flow model consists in: 

a. Defining the 1D segments and their geometry 
b. Defining the inlet boundary condition and the initial parameter values at the outlet boundary 

condition 
c. Defining the initial arterial wall properties 

At step (a) first the number of segments is defined for each branch. Typically a single segment is used for 

the aortic arc branches. Multiple 1D segments with spatially varying cross-sectional area values are defined 

for the ascending and descending aorta in order to obtain a geometry close to the actual 3D geometry. The 

initial pressure and cross-sectional area values are based on the end-diastolic phase. 

For the supra-aortic branches we use population-average geometric properties [Reymond et al., 2010] and 

set a constant length of 2cm for each of these branches. 
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At step (b) first the inlet boundary condition is defined: the flow rate profile at the first analysis plane is 

scaled so as to match the average ascending aorta flow rate value estimated as described in the previous 

section. Next, three initial parameter values need to be specified at each outlet. First we compute the 

average pressure at the start of the left subclavian artery, following an approach described in [Saouti et al., 

2012]. We use as input the brachial systolic pressure Pb-s and the brachial diastolic pressure Pb-d. The 

diastolic pressure at the start of the left subclavian artery is set equal to Pb-d, while the systolic pressure is 

computed using: 

dbsbsLSA PPP   15.083.0 .          (4) 

Next, the mean arterial pressure at the start of the left subclavian artery is computed using a form factor of 

0.4: 

dLSAsLSALSA PPP   6.04.0 .          (5) 

Since the variation of the average arterial pressure in the aorta is small, LSAP  is used for computing the 

total resistance at each outlet as ratio between average pressure and average flow rate: 

QPRt  .            (6) 

 To determine the average flow rate at each supra-aortic branch the total supra-aortic average flow rate 

aorticsupraQ   is computed as difference between the average flow rates in the ascending and the descending 

aorta. This flow is then distributed to the branching vessels proportionally to the square of the radius 

[Steele at al., 2007]. Thus, 
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where ri is the radius of the supra-aortic branch i. 

The proximal resistance of each windkessel model is set equal to the characteristic resistance of the 

corresponding outlet segment, while the distal resistance is computed as difference between total and 

proximal resistance. 

For the estimation of compliance values, we first consider a population average compliance value (Ctot) 

[Low et al., 2012], which is then distributed to the four outlets as follows: 
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At step (c) we first determine the arterial wall properties at the bifurcation of the left subclavian artery. Eq. 

(3) is rewritten, based on PLSA-s and PLSA-d as: 
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where ALSA-s and ALSA-d are the maximum (systolic) and minimum (diastolic) cross-sectional area values 

determined as described in section 3.2 and β represents the wall stiffness. Hence: 
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This stiffness value is then used as initial value for the entire aorta. To estimate the wall properties of the 

supra-aortic vessels, we use a slightly modified approach, under which the wall properties of each supra-

aortic segment are computed separately. This is done to minimize the wave reflections at the bifurcations. 

Under this approach, first the reflection coefficient at a bifurcation is computed [Reymond et al., 2010]: 
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where Yp (Yd) is the characteristic admittance of the parent (daughter) vessel. The characteristic admittance 

is the inverse of the characteristic resistance of a vessel. The characteristic resistance of each supra-aortic 

vessel is computed by setting Γ equal to 0: 

 paortadaortadaortapaortaaorticra RRRRR   /sup .       (12) 

Once the characteristic resistance is known, E∙h/r0, is determined as follows: 
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3.3.3. Parameter estimation procedure for determining outlet boundary conditions 

The objective of this step is to adapt the parameters of the windkessel models coupled to the outlets of the 

geometric model, under the constraint that the blood flow solutions should i) maintain the same flow-split 

at each outlet as with the measured data, and ii) replicate the measured systolic and diastolic pressure at 

the start of the left subclavian artery. Out of the four flow-split values only three are used as objectives, 

since the fourth one is obtained automatically as difference.  

The parameter estimation problem is formulated as a solution to a system of nonlinear equations, with 

each equation representing the residual error between the computed and measured quantity of interest. 

To determine the values of all the residuals (f(xi)), a computation with the parameter values xi is required. 

Since the absolute values of the adapted parameters and of the residuals generally differ by orders of 

magnitude, for the calibration method both the parameter and the objective residuals have been scaled 

using typical values. 

The parameters to be estimated are the total resistances of the three supra-aortic vessels and of the 

descending aorta, and the total compliance. The following system of nonlinear equations is numerically 

solved to obtain the optimum value of each parameter: 
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where Pmax is the maximum (systolic) pressure, Pmin is the minimum (diastolic) pressure, both at the start of 

the left subclavian artery,    represents a flow rate split, while  comp  refers to a value computed using 

the 0D/Multiscale model, and  ref  refers to the reference value. Index BC refers to the brachiocephalic 

artery, LCC to the left common carotid artery and DAo to the descending aorta. 

The nonlinear system of equations is first solved for a 0D model, composed of the windkessel models used 

in the multiscale model. The initial solution x0 is determined using the steps described in the previous 

section and then a dogleg trust region algorithm is applied to iteratively determine the solution of the 

nonlinear system of equations. The solution determined for the 0D model is then adapted as described in 

[Itu et al., 2015], and used as initial solution for the multiscale reduced-order blood flow model. A quasi-

Newton method is employed at this stage, whereas the Jacobian is only updated and not recomputed at 

each iteration, in order to ensure short computation times. If all objective residuals are smaller than the 

tolerance limit (set to 1 mmHg for the pressure based objectives and to Φ/100 for the flow rate split based 

objectives), the calibration method is terminated 

3.3.4. Parameter estimation procedure for determining arterial wall properties 

The objective of this step is to adapt the local wall stiffness along the aorta so as to obtain a good match 

between the measured and the computed cross-sectional area variation at the analysis planes. 

The parameter estimation procedure is based on a non-linear least squares method, which minimizes the 

following cost function: 
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xx ,           (15) 

where m is the total number of measurements, j refers to a specific measurement location along the aorta, 

and rj(x) are the residuals computed as difference between the measured and the computed quantities: 

  comp
j

ref
jj AAr x ,           (16) 

where ref
jA  is the measured maximum variation in the cross-sectional area during a heart cycle at location 

j, and comp
jA  is the computed maximum variation in the cross-sectional area during a heart cycle at 

location j. 

The parameter vector x contains the wall stiffness at the start and end of each 1D segment in the 

computational model (a linearly varying stiffness is imposed between the start and the end of each 1D 

segment): 

 T2211 ...endstartendstart  x ,         (17) 
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The cost function is minimized based on a quasi Gauss-Newton method, which performs a line search in the 

direction GN
kp and chooses a step length αk so as to satisfy the Armijo and Wolfe conditions [Nocedal et al., 

2006]. Similar to the setup in the previous section, the Jacobian is only computed once, and then updated 

at each further iteration. Once the cost function converges (its variation from one iteration to the next 

becomes smaller than 1%), the calibration method is terminated. 

Once the parameter estimation procedure for determining the arterial wall properties has converged, the 

convergence criteria of the parameter procedure for determining the outlet boundary conditions are 

verified. If these are not satisfied, the two parameter estimation are run again. The convergence criteria of 

the first parameter estimation procedure may no longer be satisfied once the second parameter estimation 

procedure has been applied, since a change in the wall properties generally induces a change in the 

pressure and flow rate values. 

3.3.5. Post processing 

During the post-processing step several quantities of interest are computed from the computational results 

of the parameter estimation framework: 

1. The local wave speed: 

 




2
)(

x
xc  ,           (18) 

where x refers to the length coordinate along the centerline of the aorta 

 

2. The local area compliance from the local wall stiffness: 

 
 x

xA
xCA



2
)(  ,           (19) 

where A(x) is the average value of the cross-sectional area at location x. 

 

3. The local area compliance using the ACM method: 

 
 xPP

xA
xC ACMA


 )( ,          (20) 

where ΔA(x) is the maximum variation of the cross-sectional at location x, and PP(x) is the pulse 

pressure at location x. 

 

4. The downstream volume compliance: 

    xPPtxqPPMxCV ,,)(  ,         (21) 

where PPM refers to the pulse pressure method, which uses as input the time-varying flow rate at 

location x and the pulse pressure at location x. 

 

3.4. Experiments and Results 

In the following we display the results obtained by applying the framework described in section 3 on 

patient-specific input data. The entire workflow described in section 3.3 requires only 5-10 minutes of 

execution time on a regular desktop computer. In the following we present detailed results for one patient 

from Deutsche Herzzentrum Berlin, for which the average flow rate was displayed in Figure 4. 
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3.4.1. Input data and personalization of outlet boundary conditions 

Figure 5 displays the variation of the end-diastolic radius along the centerline of the aorta. A gradual 

decrease of the radius towards the outlet of the descending aorta can be observed. However, an 

identification of the supra-aortic branch bifurcation points is difficult to perform from this information. 

Based on the average flow rate displayed in Figure 4 the locations of the supra-aortic branch bifurcations 

were identified at 29.34mm, 55.57mm and 76.72mm along the centerline of the aorta. The average flow 

rate of the ascending aorta was of 61.66 ml/s, while the average flow rate of the descending aorta was of 

31.82ml/s. 

 

Figure 5: End-diastolic radius variation along the centerline of the aorta. 

In Table 1 we display a comparison of reference and computed quantities for the parameter estimation 

procedure performed for the outlet boundary conditions. The computed values closely match the reference 

values. 

Nr Objective Reference value Computed value 

1 Pmax-LSA [mmHg] 78.50 78.58 

2 Pmin-LSA [mmHg] 53.00 52.82 

3 ΦBC 0.25164 0.25171 

4 ΦLCC 0.12839 0.12842 

5 ΦDAo 0.51597 0.51585 
Table 1: Comparison of reference and computed quantities for the parameter estimation procedure run for the outlet boundary 

conditions. 

In Figure 6 we display a comparison of measured and computed cross-sectional area variation along the 

centerline of the aorta. The computed differences follow the measured differences closely, indicating that 

the parameter estimation procedure for the wall properties is able to provide a reliable personalization of 

the arterial wall stiffness. Furthermore, Figure 7 displays the minimum and maximum computed and 

measured cross-sectional areas which match similarly well as the cross-sectional area variation. 
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Figure 6: Comparison of measured and computed cross-sectional area variation along the centerline of the aorta. 

 

Figure 7: Comparison of measured and computed minimum and maximum cross sectional area variation along the centerline of 
the aorta. 

 

In Figure 8 we display the variation of the average, minimum and maximum pressure along the centerline 

of the aorta. Overall the average pressure decreases only marginally. This is given by the low resistance of 

the aorta, compared to the smaller arteries and the microvasculature. As expected, and reported previously 

in literature [Olufsen et al., 2000], the maximum pressure increases towards the descending aorta as the 

pressure pulse amplifies. 
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Figure 8: Average, minimum and maximum pressure along the centerline of the aorta. 

In Figure 9 we display the local wave speed value along the centerline of the aorta. The local values are 

compared with the wave speeds determined with the transit time method [Ibrahim et al., 2010]: c = Δx / Δt, 

where Δx is the length along the centerline of the aorta and Δt is the time required for the flow rate wave 

to travel along this distance.  Since Δt is typically very small we have divided the aorta into only two regions 

and the transit time based wave speed was estimated separately for these two regions. The first region 

contains the ascending aorta and the aortic arch, while the second region contains the descending aorta. 

The time Δt is computed as the interval between the onset (foot) of the flow curves at the start and end of 

a region. The location of the onset (foot) is determined by the intersection point of the upslope curve and 

the minimum flow rate. The upslope curve is approximated by the line connecting the points at 30% and 

70% of the maximum flow rate at the particular location.  

The wave speed estimated from the transit time method varies significantly between the two regions, 

indicating that the results of this method are very sensitive to measurement errors and noise. On the 

contrary, the local wave speed estimated using the herein proposed framework varies continuously and 

indicates that, indeed, wave speed is a bit larger in the proximal part of the aorta than in the descending 

aorta, but the differences are not as significant as indicated by the transit time method. 
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Figure 9: Comparison of local wave speed determined using the herein proposed framework and wave speed determined using 
the transit time method. 

 

In Figure 10 we display a comparison of the local area compliance as computed from the wall stiffness and 

using the ACM method. Both methods use the computational results of the herein proposed framework 

and provide similar values along the centerline of the aorta. 

 

Figure 10: Local area compliance as determined from the wall stiffness and using the ACM method along the centerline of the 
aorta. 

 



D7.2 Computational tool for estimating the 
regional mechanical properties of the 
aortic vessel wall 

CARDIOPROOF - FP7-ICT-2013-10 (611232) 

 

24 
 

In Figure 11 we display the downstream volume compliance computed at the various analysis planes along 

the centerline of the aorta. One can observe that, as reported previously in literature [Stergiopulos et al., 

1999], the volume compliance decreases significantly after the ascending aorta. A sudden decrease can be 

observed once the bifurcation points of the supra-aortic branches have been passed. This can be explained 

by the fact that the downstream compliance at an ascending aorta location contains the volume 

compliance of all arteries supplying the left and right arm, as well as the cerebral circulation. 

 

Figure 11: Downstream volume compliance, as estimated using the Pulse Pressure Method along the centerline of the aorta. 

 

3.4.2. Data from three clinical centers 

All results which are shown before correspond to patient B0505-16 from Deutsche Herzzentrum Berlin 

(DHZB). The MRI data from the 3 different clinical center in Cardioproof differs in image acquisition quality, 

data format and scanner type. We are enabled to show, that our method is robust enough to compute 

results for all 3 clinical centers. 

In Figure 12 we display for a patient from University College London (UCL) a comparison of the local area 

compliance as computed from the wall stiffness and using the ACM method. As before both methods 

provide similar results along the centerline of the aorta. The area compliance is large in the ascending 

aorta, it then decreases significantly in the aortic arch and increases back slightly in the descending aorta, 

where it is fairly constant. 

In Figure 13 we display for a patient from Ospedale Pediatrico Bambin Gesu (OPBG) a comparison of the 

local area compliance as computed from the wall stiffness and using the ACM method. The area compliance 

is fairly constant, except for an enlarged region in the ascending aorta, where the compliance is much 

higher. 
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Figure 12: Local area compliance as determined from the wall stiffness and using the ACM method along the centerline of the 
aorta, for a patient from University College London. 

 

Figure 13: Local area compliance as determined from the wall stiffness and using the ACM method along the centerline of the 
aorta, for a patient from Ospedale Pediatrico Bambin Gesu. 

 

3.5. Clinical prototype integration 

The computational results were integrated in a clinical prototype and can be reviewed and interpreted by 

the clinical users. The prototype can load the 3D magnetic resonance angiography (MRA) as well as time-

resolved 4D MRI. These are the best MRI sequences to segment the shape of the aorta. Figure 14 shows the 

MRA for patient B0505-16 with the segmented aorta (green surface). 
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Figure 14: Screenshot of clinical prototype with loaded magnetic resonance angiography (MRA) for patient B0505-16. Segmented 
aorta (green) is visible in the 3 multi-planar reconstruction (MPR) views as well as in the 3D volume rendering (lower right) 

Beside the 3 multi-planar reconstruction (MPR) views, the prototype visualizes the segmentation of the 

aorta in the 3D volumetric rendering. Furthermore the prototype can handle time-resolved segmentation 

of the aorta. That means the user can review every movement of the aorta within one heart cycle. The 

computed clinical variables (pressure, flow rate, cross sectional area, area compliance, wave speed) can be 

visualized in the 3D view (upper view) with color-coded values as well as 2D graphs in different data 

dimensions (2 user-defined 2D plots in the lower part). In the 3D view the user can define one or two 

specific points on the centerline (See the green and red plane in Figure 15), which are the reference points 

for the calculated 2D plots over time. Table 2 lists all available 2D plots types, which are provided by the 

clinical prototype. 

 

 

2D Plot Type Computed Clinical 
Variable 

Data Dimension  
(x-axis) 

User Interaction 

Pressure along Centerline Pressure Position on aorta 
centerline 

User selects time step 
of one heart cycle 

Pressure over Time Pressure Time steps of one 
heart cycle 

User selects one point 
on the centerline 

Pressure Drop over Time Pressure Time steps of one 
heart cycle 

User selects two points 
on the centerline 

Flow Rate along Centerline Flow rate Position on aorta 
centerline 

User selects time step 
of one heart cycle 

Flow Rate over Time Flow rate Time steps of one 
heart cycle 

User selects one point 
on the centerline 

Cross-sectional Area along 
Centerline 

Cross-sectional area Position on aorta 
centerline 

User selects time step 
of one heart cycle 
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Cross-sectional Area over Time Cross-sectional area Time steps of one 
heart cycle 

User selects one point 
on the centerline 

Area Compliance along 
Centerline 

Area Compliance Position on aorta 
centerline 

User selects time step 
of one heart cycle 

Wave Speed along Centerline Wave Speed Position on aorta 
centerline 

User selects time step 
of one heart cycle 

Table 2: List of all provided 2D plot types and their corresponding data dimensions and user interactions 

In the following we show several screenshots of the clinical prototype during the data analyzing of the 

computed clinical variables: 

 Pressure in Figure 15 

 Flow rate in Figure 16 

 Cross-sectional area in Figure 17 

 Area compliance in Figure 18 

 Wave speed in Figure 19 

 

Figure 15: The screenshot of clinical prototype shows the computed pressure for the aorta of patient B0505-16 in time step 2. 
The 3D view (upper view) shows the pressure color-coded from red (82 mmHg) over green to blue (51 mmHg). The user can view 

the computed pressure in every time frame of one heart cycle. Furthermore we offer 3 different types of 2D plots for the 
computed pressure (2 lower views). 
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Figure 16: The screenshot of clinical prototype shows the computed flow rate for the aorta of patient B0505-16 in time step 2. 
The 3D view (upper view) shows the flow rate color-coded from red (278 ml/s) over green to blue (-11 ml/s). The user can view 

the computed flow rate in every time frame of one heart cycle. Furthermore we offer 2 different types of 2D plots for the 
computed flow rate (2 lower views). 

 

Figure 17: The screenshot of clinical prototype shows the computed cross-sectional area for the aorta of patient B0505-16 in 
time step 2. The 3D view (upper view) shows the cross-sectional areas color-coded from red (4 cm²) over green to blue (1.3 cm²). 
The user can view the computed cross-sectional areas in every time frame of one heart cycle. Furthermore we offer 2 different 

types of 2D plots for the computed cross-sectional areas (2 lower views). 
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Figure 18: The screenshot of clinical prototype shows the computed area compliance for the aorta of patient B0505-16. The 3D 
view (upper view) shows the area compliance color-coded from red (0.02 cm²/mmHg) over green to blue (0.007 cm²/mmHg). 

Furthermore we offer a 2D plots for the computed area compliance along the centerline (lower view). 

 

Figure 19: The screenshot of clinical prototype shows the computed wave speed for the aorta of patient B0505-16. The 3D view 
(upper view) shows the wave speed color-coded from red (674 cm/s) over green to blue (363 cm/s). Furthermore we offer a 2D 

plot for the computed wave speed along the centerline (lower view). 
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4. Conclusions and Outlook 
We have introduced a framework which is able to robustly estimate the regional mechanical properties of 

the aortic vessel wall. The main components of this framework are: a reduced-order fluid-structure 

interaction blood flow model, and a parameter estimation framework which personalizes the 

hemodynamic computations and estimates the aortic wall properties. Additionally, the framework also 

provides hemodynamic quantities (flow rate and pressure) along the centerline of the aorta. 

The herein proposed framework may also be applied in various pathological cases, like: aortic coarctation, 

aortic aneurysm. The framework may also be used to estimate the wall properties and associated 

quantities of interest in other parts of the systemic circulation and the cardiovascular system. 
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