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Abstract 

Purpose 

Computational models of cardiovascular structures rely on their accurate mechanical 
characterization. A validated method able to infer the material properties of patient-
specific large vessels is currently lacking. The aim of the present study is to present 
a technique starting from the flow-area (QA) method to retrieve basic material 
properties from magnetic resonance (MR) imaging. 

Methods 

The proposed method was developed and tested, first, in silico and then in vitro. In 
silico, fluid-structure interaction (FSI) simulations of flow within a deformable pipe 
were run with varying elastic modules (E) between 0.5 and 32 MPa. The proposed 
QA-based formulation was assessed and modified based on the FSI results to 
retrieve E values. In vitro, a compliant phantom connected to a mock circulatory 
system was tested within MR scanning. Images of the phantom were acquired and 
post-processed according to the modified formulation to infer E of the phantom. 
Results of in vitro imaging assessment were verified against standard tensile test. 

Results 

In silico results from FSI simulations were used to derive the correction factor to the 
original formulation based on the geometrical and material characteristics. In vitro, 
the modified QA-based equation estimated an average E = 0.51 MPa, 2% different 
from the E derived from tensile tests (i.e. E = 0.50 MPa). 

Conclusion 

This study presented promising results of an indirect and non-invasive method to 
establish elastic properties from solely MR images data, suggesting a potential 
image-based mechanical characterization of large blood vessels. 

  



Introduction 

Computational models have been widely applied over the last decades to 
understand the mechanics48 and fluid dynamic7,18 of vascular structures. With the 
advances of medical imaging and computational power, patient-specific, computer-
based models have promised to improve substantially patients’ care by personalized 
treatments, supporting the development of novel device and interventions.33,45 

However, the translation of computational models into clinical applications, such as 
planning of procedures, is still scarce and limited to few case-reports.5,17 Major 
challenges are the adaptation of computational models into patient-specific clinical 
conditions.31 The use of patient-specific computational modelling, based on finite-
element (FE) method, requires not only an accurate geometrical representation of 
the patient-specific structure, but also a translation of realistic working conditions and 
a faithful description of the material properties of the patient-specific case. While 
current imaging techniques can provide high resolution information to derive both 3D 
models of patient-specific anatomies and boundary conditions,20 the in 
vivo characterization of reliable patient-specific mechanical properties still represents 
the biggest source of uncertainties. This lack of information causes the introduction 
of approximations regarding the material modelling19,26 of patients’ cardiovascular 
structures therefore limiting validity and applicability of computational tools. 
Enhanced material information, which include patient-specific information, may 
improve the accuracy of the numerical results, thus favoring the use of in silico tools 
in clinical practice. 

Over the last years, several approaches have been explored to derive the in 
vivo patient-specific material properties of vessels in an indirect and thus non-
invasive way, based on iterative FE methods and imaging data.12,28,38,53 These 
strategies pointed out the importance of considering imaging information as crucial 
element for the mechanical inferring of vessel tissues, but the high computational 
cost of such techniques still limits their practical use, especially in a clinical scenario 
where a rapid feedback is required. 

In this context, the so-called flow-area (QA) method42,50 was shown to be a valid 
image-based approach to derive data related to the wall distensibility. The QA 
method is based on the analysis of the loop curve obtained by plotting area vs flow 
values during the cardiac cycle to estimate the pulse wave velocity (PWV), itself a 
widely accepted surrogate of arterial stiffness in clinics.9,13,36,40,46,49 To the best of our 
knowledge, the QA method has not yet been tested as a potential starting point to 
develop a tool for the non-invasive extraction of patient-specific elastic properties 
(i.e. the Young’s modulus) to be input in computational models. 

In this study, we aimed to assess the capability of a QA-based method for inferring 
elastic properties of a vessel-like structure. This method was developed, first, in a 
controlled in silico environment and, then, tested within an in vitro MRI-compatible 
testbench. 
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Materials and Methods 

In this study we first tested a standard formulation to assess its capability to derive 
the Young’s modulus (E) of vessels starting from the QA method, non-invasively and 
requiring only imaging information. The initial formulation was tested in silico on a 
series of numerical simulations of a pulsating vessel with different E values assigned 
as input of the mechanical properties of the wall. The QA method was applied on the 
simulations’ results to compute, first, the PWV and, then, the E value. The used 
formulation was found to be not suitable to correctly estimate the E values. The 
second step of the presented work was to derive a corrective factor in the formula. 
The effectiveness of the modified corrected equation was tested in vitro by running a 
MRI experiment including a deformable vessel phantom, where the inferred E value 
was verified against standard mechanical tests. 

QA-Based Method to Infer the Young’s Modulus 

In this study the QA method was used as the starting point to derive the Young’s 
modulus from the PWV. The QA method is an image-based tool which allow the 
calculation of the local PWV of a vessel based on the image assessment of flow and 
cross-sectional area.50 The technique is based on the assumption that, during the 
reflection-free period of the cardiac cycle (i.e. the early systolic phase) the 
relationship between the cross-sectional area of a blood vessel and the passing flow 
can be approximated as a first-order linear equation. Hence, the PWV can be 
estimated as: 

PWV=dQdA∣∣∣earlysystolePWV=dQdA|earlysystole     (1) 

 
where dA is the incremental variation of the cross-sectional area and dQ is 
incremental variation of the flow passing through the section. 
Standard Formulation 

The distensibility (D) of a vessel wall can be defined from the inverted form of the 
well-known Bramwell-Hill equation14,52: 

D=1ρPWV2D=1ρPWV2         (2) 
 
where ρ is the density of the fluid passing through the vessel’s cross-section and the 
PWV can be obtained non-invasively by means of the QA method according to Eq. 
(1). 
According to literature,3,15,36,39 a standard estimation of the vascular wall elasticity 
can be further computed as: 

ED=[3(1+A0WCSA)]DED=[3(1+A0WCSA)]D      (3) 
 
where A0 is the area of the lumen of the vessel and WCSA is its wall cross-sectional 
area (i.e. the area between the inner and the outer diameter), both measured at 
diastole. 

The Young’s modulus derived from the PWV, EPWV, can be therefore defined: 
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EPWV=3ρPWV2(1+A0WCSA)EPWV=3ρPWV2(1+A0WCSA)   (4) 
 
In this study, this calculation of EPWV was first tested on a series of in silico models of 
a straight vessel with varying elastic modules (EINP). The simulations were performed 
to assess the capability of the Eq. (4) to derive correctly the E value of the different 
implemented materials (see "In Silico Models"). 

Following this first campaign of computational tests, a non-linear relationship was 
observed between the inputted EINP values and the calculated EPWV. 

Modified Formulation 

A modification to the Eq. (4) is here presented by introducing a non-linear correction 
factor (κ), defined as: 

κ=RAC γκ=RAC γ          (5) 
 
where the RAC is the relative area change, computed as: 

RAC=Amax−A0AmaxRAC=Amax−A0Amax      (6) 
 
in which Amax is the maximum cross-sectional area of the lumen, i.e. the area 
evaluated at systolic peak. 

The γ parameter was derived from the simulations’ results as: 

γ=∑i=1ncinγ=∑i=1ncin         (7) 

 
where ci was based on the relationship: 

ci=EINPRAC EPWVci=EINPRAC EPWV       (8) 
 
for each simulation. 

Hence, the modified QA-based equation to derive E (EOUT) was: 

EOUT=3RAC γρPWV2(1+A0WCSA)=κEPWVEOUT=3RAC γρPWV2(1+A0WCSA)=κ
EPWV            (9) 
 
The formula introduced here aimed to take into account not only the stiffness 
information inferred from the PWV, retrievable from imaging, but also the area 
variations included in the RAC definition, opportunely adjusted by including the 
defined γ parameter. 

In Silico Models 

Numerical models were used in this study to test the initial formulation (Eq. (4)) and 
develop its modified version (Eq. (9)). 
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A two-way fluid-structure interaction (FSI) approach was adopted to simulate the flow 
within a model of an idealized blood vessel under pulsatile conditions. Numerical 
simulations were carried out with the commercial package LS-DYNA R.10 (LSTC, 
Livermore, USA). Fluid and solid mechanics solvers were implemented in a 
partitioned manner within the LS-DYNA environment and coupled using a two-way 
strong coupling scheme to encompass for the influence of the pulsatile fluid on the 
deformable structure of the vessel wall and reciprocally. The mesh deformations 
followed an Arbitrary Lagrangian Eulerian formulation. A tubular geometry (i.e. 
internal diameter of 12.7 mm and total length of 150 mm) included fluid domain and 
a vessel wall structure (Fig. 1a). Both domains had matching interface. A range of 
linear elastic isotropic materials were modelled for the vessel wall. A total of twelve 
simulations were carried out with different Young’s moduli assigned as input (EINP) of 
the computational model. Four cardiac cycles were simulated to allow the flow to 
stabilize. A time step of 0.01 s was set as a compromise between computational time 
and solution stability. Both fluid and solid discrete systems were considered as 
converged when their respective residuals dropped below threshold ε = 1.e−6 at 
every time step. The computational time per simulation depended on the value of 
Young’s modulus with smaller moduli yielding longer simulations. 

Figure 1 

 
(a) Mesh of the vessel model, including solid (green elements) and fluid (blue 
elements) domains; (b) Velocity and pressure profiles assigned as inflow and outflow 
boundary conditions, respectively. 

   

Fluid Domain 

The unsteady fluid computation analysis was performed using the incompressible 
flow solver ICFD implemented in LS-DYNA. The geometry was meshed with 18,166 
tetrahedral elements in the open source software Gmsh 
(http://gmsh.info/).30 Preliminary mesh convergence study was performed to confirm 
a mesh-independent solution. Fluid simulated was water, thus modelled as an 
incompressible and Newtonian fluid with a density of 998 kg m−3 and a dynamic 
viscosity of 0.001 kg m−1 s−1. Periodic boundary conditions were set up to impose 
velocity at the inlet and pressure at the outlet (Fig. 1b). 

The fluid behavior is governed by the Navier–Stokes equations. The ICFD solver 
discretizes the governing equations using a low-order continuous finite element 
method. 
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Structural Domain 

The structural model consisted in a hollow cylinder surrounding the fluid domain. 
Thickness of the wall was 2 mm. Following mesh sensitivity analysis, the geometry 
was meshed in Gmsh environment with 1200 hexahedral elements. A linear elastic 
material was implemented. A total of twelve simulations were run with EINP values 
varying from 0.50 to 32 MPa, with an oversampling in the region close to 1 MPa. A 
Poisson ratio of 0.47, typical of elastomeric materials, was set. The structural model 
was constrained with fixed ends. 

The governing equations for the solid part are those of the of linear elasticity (small 
deformations). Similarly to fluid domain, LS-DYNA discretizes the equations of linear 
elasticity with continuous finite element method. 

Simulations Post-processing 

The results of the FSI simulations were post-processed and then used to test, 
initially, the starting Eq. (4) to estimate the E value and then, following that it was not 
suitable for a correct inferring, to refine the formula with the inclusion of the 
correction factor (Eq. (9)). The post-processing was performed on the last cycle 
simulated. Flow and area data were extracted in the middle cross-section of the FSI 
models. Cross-sectional area and through-plane flow values were analyzed over 
time with the open source tool ParaView (https://www.paraview.org/).1 

In Vitro Experiment 

The proposed QA-based equations were also applied in vitro using an image 
acquisition protocol routinely used in clinics. The aim of the experiment was twofold: 
to confirm that Eq. (4) was not a suitable tool to infer the correct Young’s modulus 
from imaging and to verify that the corrected formula as previously defined in 
silico (Eq. (9)) provided better outcomes. 

A deformable cylindrical phantom was inserted within a mock circulation loop 
reproducing pulsatile flow conditions. MR images were acquired and processed to 
retrieve both area and flow values. These data were used to retrieve the Young’s 
modulus of the material phantom according respectively to Eq. (4) (EPWV) and Eq. (9) 
(EMRI). The results were compared to the Young’s modulus directly derived from 
standard tensile tests (ETT). Details of the experiment are reported in the next 
paragraphs. 

Phantom 

The deformable phantom was manufactured with TangoPlus material, 3D printed 
with an Objet500 Connex 3D printer (Stratasys, Minnesota, USA). The material was 
chosen as commonly used to mimic great vessels.6,10 The geometry of the phantom 
replicated the numerical model (i.e. internal diameter = 12.7 mm, thickness = 2 mm 
and length = 150 mm). 

Tensile Tests 
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The 3D printed TangoPlus material was mechanically evaluated with standard 
uniaxial tensile tests by using a custom-made and fully-controlled extensometer 
system already used by our group.29 The specimens were 3D printed in three 
different orientations (with fibers aligned along horizontal, vertical and oblique 
directions, respectively), in order to assess the effect of the printing direction on the 
mechanical properties of the material. Five samples were fabricated for each group, 
for a total of fifteen specimens. The directives of the regulation for elastomeric 
materials (ASTM D 412 06a) were followed for the design and the testing of the 
specimens to derive the Young’s modulus of the 3D printed TangoPlus material 
(ETT). 

Mock Circulatory Loop 

The TangoPlus phantom was inserted within an experimental set-up consisting of a 
mock circulatory loop equipped with flow and pressure sensors as depicted in Fig. 2. 
The mock loop replicated cardiac-like pulsatile conditions by means of a two-element 
Windkessel model. The pulsatile pump was the Harvard apparatus (Massachusetts, 
USA) with capability to set stroke volume (SV), heart rate (HR) and diastolic time 
fraction (DTF). Sensors were positioned to monitor continuously flow and pressure 
signals in proximity of the phantom during the pulsatile conditions imposed by the 
pump. A Transonic 9PXL perivascular ultrasound clamp-on probe (Transonic 
Systems, New York, USA) was used as flow sensor. A fiber optic pressure wire 
(Opsens, Quebec, Canada) was used as pressure sensor. The compliance of the 
system was represented by the compliant phantom itself. Resistance was 
implemented by using a metered needle-pinch valve. All the components were 
connected by flexible but not compliant Tygon pipes. 

Figure 2 
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Representative scheme of the mock loop circuit, including the pulsatile pump, the 
flow and pressure sensors, the data acquisition system, the phantom, the resistance 
and the reservoir. 

   

PC MRI Acquisition and Processing 

The MRI scanner used for the acquisition was Siemens Avanto 1.5 T (Siemens 
Healthcare, Erlangen, Germany), available at our clinical centre. Balanced steady-
state free precession PC MRI was the selected imaging technique to measure flow 
and area variations of the phantom subjected to the pulsatile conditions. The MRI 
acquisitions were performed in two experimental conditions (hereafter 
called Condition 1 and Condition 2) with varying pump settings in terms of SV, HR 
and DTF (Table 1). Each MRI acquisition resulted in 40 PC MRI frames, acquired at 
the middle cross-section of the phantom. Standard acquisition parameters set for 
clinical acquisitions were used for both experimental conditions (Table 2). 

Table 1 List of the pump settings used for the two MRI acquisitions. 
 

Setting Value 

Condition 1 Condition 2 

SV 40 (mL) 50 (mL) 

HR 60 (bpm) 70 (bpm) 
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Setting Value 

Condition 1 Condition 2 

DTF 50/50 45/55 

 
 

Table 2 List of the acquisition parameters used for the two MRI acquisitions. 
 

Acquisition parameter Value 

Condition 1 Condition 2 

Acquisition matrix 192 × 256 240 × 320 

Frames 40 40 

Time increment 23.525 (ms) 19.725 (ms) 

Flip angle 30 (degrees) 30 (degrees) 

Echo time 2.18 (ms) 2.33 (ms) 

Repetition time 29.9 (ms) 30.75 (ms) 

Pixel size 1.17 × 1.17 (mm2) 0.94 × 0.94 (mm2) 

Slice thickness 5 (mm) 5 (mm) 

VENC 200 (cm s−1) 200 (cm s−1) 

 

 

After the acquisition, PC MRI data of the phantom were processed to estimate the 
elastic module of TangoPlus based on imaging information according to both Eqs. 
(4) and (9). 

Analysis of the PC images were performed using the software Segment v2.0 
(http://segment.heiberg.se),4 whose vessel tracking algorithm allowed to identify the 
phantom contours. A user-defined region of interest was drawn to define the vessel 
boundary in each frame from which the phantom cross-sectional area and through 
plane flow throughout the cardiac cycle were obtained. 

  

https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ9
http://segment.heiberg.se/
https://link.springer.com/article/10.1007/s13239-020-00479-7#ref-CR4


Results 

In Silico Data Results 

All the FSI simulations were stable and reached solution convergence. For all 
the EINP values used in the simulations (Fig. 3a), the corresponding QA loops were 
computed (Fig. 3b) as based on the flow (Fig. 3c) and area (Fig. 3d) information 
extracted from the middle cross-section of the computational models. Figs. 3c 
and 3d confirm how the averaged through-plane flow in the middle cross-section 
during the cardiac cycle is equivalent for all simulations and how the area 
deformation strongly depended on the EINP value of the material. In particular, area 
variations decreased consistently with increasing stiffness. All the obtained QA loops 
(Fig. 3b) were linearly interpolated in correspondence of the early systole period. 
Linear fitting resulted in a R2 value of 0.99 ± 0.008 (n = 12). The analysis of the QA 
loops (Fig. 3b) led to the values as listed in Table 3. 

Figure 3 

 
(a) Values of the Young’s moduli assigned as input for the simulations, ranging from 
the softer 0.5 MPa (dark blue) to the stiffer 32 MPa (dark red); (b) QA loop curves as 
obtained from the FSI datasets analysis; (c) Area values along the cardiac cycle as 
extracted from the FSI datasets analysis; (d) Flow values along the cardiac cycle as 
extracted from the FSI datasets analysis. 
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Table 3 List of the resulted PWV, EPWV, RAC, κ and EOUT values related to 
the EINP values assigned in the simulations. 
 

Simulation EINP (MPa) PWV (m s−1) EPWV (MPa) RAC κ EOUT (MPa) 

1 0.5 5.86 0.24 0.159 2.016 0.49 

2 0.7 7.74 0.42 0.123 1.565 0.66 

3 0.8 8.95 0.57 0.107 1.363 0.77 

4 0.9 9.63 0.66 0.095 1.207 0.79 

5 1.0 10.91 0.84 0.085 1.083 0.91 

6 1.1 12.18 1.05 0.077 0.982 1.03 

7 1.2 13.45 1.28 0.071 0.898 1.15 

8 2 23.45 3.89 0.042 0.534 2.08 

9 4 48.17 16.41 0.021 0.266 4.36 

10 8 97.67 67.46 0.010 0.132 8.93 

11 16 196.62 273.38 0.005 0.066 18.07 

12 32 394.75 1101.92 0.003 0.033 36.36 

 
 

   

The γ parameter (Eq. (7)) resulted to be 12.69 ± 1.12 (n = 12). Its mean value (γ = 
12.69) was used to compute the κ factor, together with the RAC parameter, 
according to Eq. (5). 

Table 3 reports the resulting EPWV and EOUT derived respectively from the basic 
formulation (Eq. (4)) and its proposed modification (Eq. (9)), together with the PWV, 
RAC and κ parameters. 

In Vitro Data Results 

The segmentation throughout the cardiac cycle of the two acquired PC MRI datasets 
resulted in the curves as shown in Fig. 4a for Condition 1 and Fig. 4b for Condition 2. 
QA loops are depicted in Figs. 4c and 4d for Condition 1 and Condition 2, 
respectively. Following interpolation of the data during early systole (R2 = 
0.99 ± 0.001, n = 2), the calculated PWV, EPWV, RAC, κ and EMRI values are reported 
in Table 4. The EMRI value of the TangoPlus material as extracted from the proposed 
modified equation (Eq. (9)) resulted to be 0.51 ± 0.04 MPa (n = 2). For the 
calculation of the EMRI values (Eq. (9)), the γ parameter was maintained as 
calculated from in silico analyses (γ = 12.69). 

https://link.springer.com/article/10.1007/s13239-020-00479-7/tables/3
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ7
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ5
https://link.springer.com/article/10.1007/s13239-020-00479-7#Tab3
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ9
https://link.springer.com/article/10.1007/s13239-020-00479-7#Fig4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Fig4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Fig4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Fig4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Tab4
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ9
https://link.springer.com/article/10.1007/s13239-020-00479-7#Equ9


Figure 4 

 
In the top panels, time-dependent through-plane flow (blue line with star markers) 
and cross-sectional area (orange line with square markers) curves, as extracted from 
the PC MRI datasets segmentation for Condition 1 (a) and Condition 2 (b). In the 
bottom panels, QA loops (black line) with highlighted points of the early systole 
period (black circle markers) and linear fitting (dotted red line) for Condition 1 (c) 
and Condition 2 (d). 

   

Table 4 List of the resulted PWV, EPWV, RAC, κ and EMRI values for the two 
experimental conditions. 
 

Condition PWV (m s−1) EPWV (MPa) RAC κ EMRI (MPa) 

1 5.57 0.21 0.202 2.560 0.54 

2 4.84 0.17 0.223 2.830 0.48 

 
   

The results of EMRI values were found to be in accordance with the ETT value as 
derived from the tensile tests of TangoPlus, with a percentage error of 2%. 

The printing direction resulted to not affect the mechanical properties of the 
TangoPlus, thus confirming an isotropic behavior. For each sample printed with the 
three different fibers orientations, the resulted average stress–strain curve and the 
corresponding linear fitting curve are shown in Fig. 5. The resulting ETT value was 
0.50 ± 0.02 MPa with a R2 value of 0.99 ± 0.001 (n = 15). 

Figure 5 
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Average stress–strain curves resulted from tensile tests (a) and related linear 
interpolation curves (b). 
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Discussion and Conclusions 

In this work, a non-invasive, indirect approach based on the QA method for the 
assessment of basic mechanical properties of vessel’s models was investigated. The 
findings of our study propose a modified formulation based on the QA method to be 
used to derive a surrogate of the elastic module, suitable to be used in numerical 
simulations. 

The QA method used in this study was developed first by Vulliémoz et al.50 to 
estimate the stiffness of specific vascular structures as based on MRI and then by 
Rabben at al.42 by using ultrasound images. The QA method has become a widely 
used tool to assess the arterial stiffness in terms of PWV in an indirect 
way.32,41,51 Recent studies have also explored the potentiality of the MRI technique, 
demonstrating the capability of 4D Flow MRI to provide PWV assessments43 and 
information related to the material properties if coupled with pressure data.24,54 The 
present study explored a method to extract material parameters (i.e. Young’s 
modulus) directly from 2D image analysis with no need of invasive pressure 
measurements. This approach using a different formulation2,22 and consistent with 
the one used in this work,39 was already suggested in the literature, but to the best of 
our knowledge not assessed with a campaign of in silico and in vitro tests. 

In silico, a computational campaign allowed us to test, amend and enhance the initial 
proposed formulation (Eq. (4)). In particular, this allowed us to refine the accuracy of 
the predictions of the proposed QA-based method on a wide range of linear elastic 
materials with E ranging from 0.50 to 32 MPa. The values were chosen to optimize 
the methodology especially around the physiological range of Young’s moduli used 
in numerical models for cardiovascular structures.7,11,16,54 The numerical campaign 
showed how the original formulation (Eq. (4)) did indeed provide an overall good 
indicator of the wall stiffness but was not suitable to infer the correct Young’s 
modulus, as demonstrated by the huge non-linearity between input and inferred 
values (Figs. 6a and 6b). Importantly, this allowed us to quantify a correction factor 
for Eq. (4). 

Figure 6 
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(a) Non-linear trend of the inferred EPWV values as derived from Eq. (4) in respect to 
the EINP values (black line with circle markers); (b) Magnified view of panel (a) in the 
range 0.5–2 MPa; (c) Trend of the inferred values after correction with solely the 
RAC parameter in respect to the EINP values (black line with circle markers) and 
linear interpolation overlapped (dotted red line) with fitting equation; (d) Magnified 
view of panel (c) in the range 0.5–2 MPa; (e) Trend of the inferred EOUT values as 
obtained from Eq. (9) after correction with the κ factor in respect to the EINP values 
(black line with circle markers) and linear interpolation overlapped (dotted red line) 
with fitting equation; (f) Magnified view of panel (e) in the range 0.5–2 MPa. 

   

In particular, the addition of the RAC parameter, which is used in clinics for the 
assessment of vessels’ state,34,44,47 encompasses for overall cross-sectional area 
changes during the cardiac cycle, namely maximum and minimum areas (Eq. (6)), 
resulting in a clear reduction of the non-linearity initially encountered but not yet 
sufficient to accomplish for the overlapping between EINP − EOUT curve and the 
identity line (Figs. 6c and 6d). The complete correction factor, namely κ (Eq. (5)), 
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also includes the parameter γ (Eq. (7)) which was derived empirically from the 
analysis of all the simulations’ results. The proposed modified equation (Eq. (9)) 
resulted in a linear correspondence between EOUT and EINP (Figs. 6e and 6f). 
The γ factor was defined in this study as the average of the ci values computed for 
each of the twelve run simulations (Eq. (8)). As result γ was 12.69 ± 1.12 (n = 12). 
The low standard deviation of γ, lower than 10%, was a positive outcome as may 
demonstrate its independence on the E value of the material, opening up that further 
investigations may lead to its full parametrization. 

However, it is worth to note that the strategy adopted here is based on the a priori 
knowledge of the EINP values for the definition of γ. For this reason, the method was 
blindly tested on an in vitro experiment and it was found to derive accurately the 
elastic modulus. 

In particular, this experiment confirmed excellent agreement between the EMRI value 
(0.51 ± 0.04 MPa) and the ETT value (0.5 ± 0.02 MPa). The error between EMRI (Eq. 
(9)) and ETT was only 2.0% compared to the 62% difference between EPWV (Eq. (4)) 
and ETT. The results of the experiment showed that the standard formulation (Eq. 
(4)) is probably not suitable to infer the real E value of the material and that the 
inclusion of a corrective factor is necessary for a correct prediction. Moreover, the 
experimental approach allowed to use real imaging data as starting point of the 
workflow, from the application of the QA method to the estimation of the Young’s 
modulus of the phantom. 

A further refinement of the methodology here presented can potentially lead to a 
novel technique to quantify the in vivo local mechanical characteristics of great 
vessels in a non-invasive way. This could likely contribute to reduce the uncertainty 
of patient-specific simulations and therefore to facilitate their translation to clinics. 
This might enhance simulations of device implantation, as in the case of 
pulmonary8 or aortic valve23 replacement, where a realistic implementation of the 
structural response of the patient-specific vessel wall tissue is critical to predict the 
correct intervention outcome. The proposed workflow followed in this investigation is 
promising per itself is promising as it moves from only in silico results to correct a 
theoretical methodology. As a proof of concept, the predictive capability of the 
presented modified formula (Eq. (9)) was confirmed on in vitro tests which are less 
controllable and then closer to in vivo case. 

Limitations 

Although the preliminary results here presented are promising, future works are 
necessary to overcome the current limitations of the presented study and to 
investigate more relevant physiological conditions. First, the modelled cylinder has a 
size which is comparable to the big vessel, but it cannot represent the complexity of 
a realistic vessel shape characterized by bending regions and irregularities. This 
choice comes from the will to assess the presented methodology on a simple setting 
before moving on more challenging scenarios. Thus, more realistic vessel shapes, 
including idealized anatomies and patient-specific geometries will be tested to further 
refine the proposed QA-based technique, both in silico and in vitro. In the same way, 
boundary conditions will need further assessment. In fact, both inlet, i.e. prescribed 
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velocity, and outlet, i.e. prescribed pressure, boundary conditions were simplified in 
the initial in silico campaign in view of the in vitro replica to be as close as possible to 
the numerical simulations settings (Fig. 1b). In particular, the velocity profile was built 
in accordance to the capabilities of the Harvard apparatus pump to provide selected 
waveforms. The implemented pressure range (0–90 mmHg) was prescribed to 
maintain the analysis at a generic level, taking into account for a full range of pre-
loaded configurations. Future studies will explore both population average and 
patient-specific conditions. The simulated fluid was water and no blood-equivalent 
solutions were used. Albeit this choice was in line with previous in vitro 
cardiovascular studies,21,25,27,35,37 the effect of blood properties will be included in the 
next steps to explore the effect due to different values of density and viscosity. 
Finally, the proposed formulation will be tested to other compliant materials, 
including anisotropic and non-homogenous materials and considering viscoelastic 
and hyperelastic behaviours. 

These future works would enhance the confidence of the predictive results provided 
by the proposed method, thus facilitating the translation of its applicability on in 
vivo patients’ imaging data for a retrospective analysis. 

To conclude, the present study lays strong basis for the use of an indirect and non-
invasive technique, to derive elastic properties of vessel-like models from solely bi-
dimensional PC MRI data, which is routinely acquired in patients referred for 
cardiovascular interventions. 
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