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Abstract

Purpose—Pulse wave velocity (PWV) is an indicator of
arterial stiffness used in the prediction of cardiovascular
disease such as atherosclerosis. Non-invasive methods per-
formed with ultrasound probes allow one to compute PWV
and aortic stiffness through the measurement of the aortic
diameter (D) and blood flow velocity (U) with the lnD–U
method. This technique based on in vivo acquisitions lacks
validation since the aortic elasticity modulus cannot be
verified with mechanical strength tests.
Method—In the present study, an alternative validation is
carried out on an aorta phantom hosted in an aortic flow
simulator which mimics pulsatile inflow conditions. This
in vitro setup included a Particle Image Velocimetry device to
visualize flow in a 2D longitudinal section of the phantom,
compute velocity fields (U), and track wall displacements in
the aorta phantom to measure the apparent diameter (AD)
variations throughout cycles.
Results—The lnD–U method was then applied to evaluate
PWV (5.79 ± 0.33 m/s) and calculate the Young’s modulus
of the aorta phantom (0.56 ± 0.12 MPa). This last value was
compared to the elasticity modulus (0.53 ± 0.07 MPa) eval-
uated with tensile strength tests on samples cut from the
silicone phantom.
Conclusion—The PIV technique PWV measurement showed
good agreement with the direct tensile test method with a
5.6% difference in Young’s modulus. Considering the
uncertainties from the two methods, the measured elasticities
are consistent and close to a 50–60 years old male aortic
behavior. The choice of silicone for the phantom material is a
relevant and promising option to mimic the human aorta on
in vitro systems.

Keywords—Pulse wave velocity, Aorta, Phantom, Circula-

tory mock loop, Particle Image Velocimetry.

INTRODUCTION

In vivo, aortic stiffness is associated with some
pathologies such as atherosclerosis which is known to
reduce arterial wall elasticity.19,35 Different techniques
have been developed to investigate arterial stiffness,
identify risky regions and predict the outbreak of
cardiovascular diseases.18,24,29 One of the most com-
mon method to evaluate arterial stiffness is the mea-
surement of the pulse wave velocity (PWV). PWV is
the velocity at which the blood pressure pulse travels
through a vessel. This quantity depends on blood and
aortic wall properties and can thus, provide informa-
tion on those properties such as aortic stiffness which
could indicate the development of a plaque. The
measurement of pulse wave velocity (PWV) can be
achieved with non-invasive techniques such as the two
points Transits-Time (TT) method,1,36 the one-point
PU-loop (pressure–velocity loop) method,14 and the
similar QA (flowrate-area loop) method26 and lnD–U
(logarithm of the diameter and velocity) derived
methods.8,9,23 These techniques are based on the study
of the relationship between the flow velocity or flow-
rate in the aorta and aortic walls movements which can
be investigated through pressure, aortic section area,
and diameter changes at one location (one-point
methods). ‘‘Two points’’ methods consist in measuring
the pressure pulse in two locations of the arterial tree.
Knowing the distance between these two points and
measuring the time required for the pulse to travel
between them, PWV can be calculated. This method
can be difficult to implement since invasive tools are
often needed, the distance measurement is not trivial,
and a perfect synchronization of the two devices that
measure the pressure pulse is required.37 4D-MRI
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(Magnetic Resonance Imaging) can be used to image
the whole aorta but involve much more complex and
expensive equipment34 with a strong impact of tem-
poral resolution on computed PWV.38

Conversely with ‘‘two points’’ assessments, the lnD–
U technique provides local stiffness information as a
‘‘one-point’’ measurement. It can be performed with a
routine US-Doppler (UltraSound) exam and only
requires computing the aortic diameter change and
blood velocity. However, the main limitation in the
lnD–U method is the lack of in-vivo validation.8,23 The
method is mainly based on the Bramwell–Hill equa-
tion2 which states that PWV is proportional to the
aorta pressure variation and inversely proportional to
aortic area variation throughout a cardiac cycle. From
this PWV value, the arterial stiffness can be estimated
through the Moens–Korteweg equation which shows a
relationship between PWV, blood density, aortic wall
thickness, Young’s modulus, and radius.33 In vivo, di-
rectly deducing the arterial stiffness from PWV mea-
surement is questionable since the actual Young’s
modulus is difficult to verify with traditional mechan-
ical characterization tests on the subject to validate the
theory. Alternative experimental validations are pro-
posed by comparing PWV evaluation through other
methods such as TT-method,15 shear wave elastogra-
phy or fluid–structure interaction simulations which
showed good agreements.10,21,30 It would be desirable
to be able to validate the computed material elasticity
from this in vivo method with traditional mechanical
testing such as tensile tests on the same material. Since
this comparison is not achievable from in vivo to
ex vivo testing on a living patient, an equivalent
method could be implemented with in vitro models and
aorta phantoms. This comparison was achieved in
Zimmermann et al.,38 with aorta phantoms, a circula-
tory mock loop, 4D-flow MRI intra-luminal pressure
measurements, transit-time like PWV estimation and
tensile tests. This last study provided a volumetric
information on the aorta behavior thanks to 4D-MRI
and shows large discrepancies in the Young’s modulus
based tensile tests and PWV estimation. The pressure
amplitude inflow conditions were very wide (105–
40 mmHg) compared to in vivo conditions with a
strong diameter variation along the aorta compared to
in vivo. These conditions impacted the constant aortic
diameter approximation used in the Moens–Korteweg
equation to calculate the Young’s modulus from PWV
which was not adapted in this case. In the current
study, we will confine ourselves to 2D in-plane evalu-
ation which can be related to traditional US-Doppler
PWV measurement methodology in the way that we
use 2D imaging in one location of the aorta where
velocity and diameter change are computed.8,23 The

main purpose of this article is to provide a methodol-
ogy to measure PWV and phantom stiffness on an
in vitro simulator. Future experiments could be con-
ducted by introducing the bench in an MRI38 or using
US-Doppler on the phantom to mature the present
technique and compare the limitations of each meth-
ods.

An in vitro aortic flow simulator was developed in
Moravia et al.,21 to reproduce physiological pulsatile
flow rates and pressures in an aorta phantom made up
of silicone with a patient-specific geometry and realistic
elasticity. A Particle Image Velocimetry (PIV) setup
was implemented on the mock loop to visualize the
flow and track the aortic wall displacements. PIV was
used to capture instantaneous velocity fields in a flow
in a plane which crossed the flow domain in a chosen
location. Prior to the experiment, the fluid was seeded
with particles that acted as tracers. 2D–2C PIV (2
dimensions–2 components PIV) consisted in illumi-
nating a 2D section in the flow with a laser sheet to
enlighten the particles and take snapshots of their
position to track their displacements and deduce the
flow velocity field in each point of the plane. The PIV
setup is used to simultaneously measure flow velocity
and aorta apparent diameter (AD) variations along a
cardiac cycle. This AD refers to an ‘‘in-plane’’ diame-
ter observed at the intersection between the PIV laser
sheet and the aorta phantom in the longitudinal
direction. The lnD–U method can then be applied to
compute PWV and estimate the aorta phantom stiff-
ness based on this AD and other phantom character-
istics. The great advantage of this in vitro system is that
the aorta phantom Young’s modulus can then be
measured with mechanical tensile tests25 and compared
to the previous results.

In the current paper, we provide tools and a
methodology to perform those two measurements and
to investigate the stiffness evaluated from PWV with
the lnD–U method and mechanically measured elas-
ticity modulus with tensile tests in this in vitro context
with an aorta phantom. The measured PWV and
Young’s modulus were also compared to in vivo data
from the literature to determine if the silicone mate-
rial is a relevant choice to mimic aorta with phan-
toms. The present experimental simulator tried to
reach a relevant degree of biofidelity to mimic aortic
flow in an in vitro context knowing that a perfect
portrayal is impossible. We believe to have reached a
significant mimicking of important aortic flow fea-
tures among which the Young’s modulus of the
phantom is fundamental for such fluid/solid interac-
tion system. Note that all along the paper the equa-
tions are given without units, all the indicated
quantities are in SI units.
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METHODS

The lnD–U Method

In routine exams, the lnD–U method can be used to
evaluate the local stiffness of the aorta. Conversely
with the Transit-Time method which requires to image
pulse wave at two distant locations (and thus, averages
the PWV on this whole distance), the lnD–U method
can be performed in a single section of the aorta as a
local evaluation. This technique relies on the study of
the AD variation of the aorta in relation to the blood
velocity at the same location throughout the cardiac
cycle.8,23 This relation results from the Bramwell–Hill
equation2 and the water–hammer relationship between
the PWV, pressure, and flow velocity.9

PWV ¼ 1

2

dU

dlnðDÞ ; ð1Þ

where U is the velocity of blood flow in the investigated
section, D is the diameter of the aorta in the same
section and the derivative is the time variation of U for
dU and ln(D) for dln(D). This relation (Eq. 1) is only
valid in unidirectional wave periods along the cardiac
cycle. If reflective waves appear, the relation can no
longer be applied. Methods to identify reflection-free
periods in the cardiac cycle exist.8 They are based on
wavefront analysis of the blood pressure or velocity
waveform in the aorta. The study of the rate of pres-

sure (here converted to diameter change dD
dt ) provides

information on the contribution of forward and
backward wavefronts. As expressed in,8 wave intensity
(WI) can be calculated with velocity and diameter time
derivation to investigate the contribution of each
wavefront direction (Eq. 2). Forward wavefronts have
a positive contribution on the WI while backward
wavefronts have a negative contribution. Locating
positive peak in WI is an indicator of a predominant
forward wavefront.8

WI ¼ dD

dt

dU

dt
ð2Þ

Studies have shown that backward waves have
negligible effects on diameter and velocity variations at
the two positive peaks of WI.8,12,13 In most cases, these
peaks (which indicate reflection-less periods) corre-
spond to early and late systole but the boundary
conditions can affect them. The wavefront analysis has
to be conducted on the experimental simulator with its
own boundary conditions to identify those reflection-
less periods. Locating one or the two phases allows
determining where backward wave contributions are
negligible to apply Eq. (1) to the measured flow
velocity and phantom diameter change. Finally, the

Moens–Korteweg equation33 sets the relationship
between the Young’s modulus and the PWV (Eq. 3).

PWV ¼

ffiffiffiffiffiffiffi

Eh

qD

s

ð3Þ

where E is the Young’s modulus of the aorta, h is the
thickness of the aorta, q is the density of the fluid and
D is the aorta diameter. Note that E, h, q and D are
mean values on the region of interest (ROI) in the
aorta where the PWV was calculated. In the present
experiment, this region covered a length of 63.57 mm
in the aorta along which these mean values are aver-
aged. Regarding Eq. (3), the most variable parameter
is the aortic diameter which is supposed to be constant
but can actually vary along a real aorta. The ROI was
chosen to obtain the flow velocity field with PIV.

Finally, applying the lnD–U method requires for
synchronized measurements of the velocity and the
diameter change which can be difficult to achieve when
two devices are used to measure these quantities. In the
present study PIV was used to calculate both on the
same set of data (the same images) which solved the
synchronization issue.

Experimental Setup

The experimental setup consisted of a circulatory
mock loop which mimicked aortic circulation (Fig. 1).
This aortic flow simulator generated realistic pulsatile
flow rate and pressures in the aorta phantom. A
compliant silicone aorta phantom based on a patient-
specific geometry and a blood mimicking fluid (BMF)
with realistic shear-thinning properties32 were designed
for the experiment. The BMF is a mixture of water
(55.6% by weight), glycerol (37% by weight), xanthan
gum (200 ppm), and NaCl (7.4% by weight) and was
designed to match the refractive index (RI) of the
phantom (RI = 1.4) to minimize optical distortion for
the PIV measurements. The fluid had a density of
1146 kg/m3. The aorta geometry was extracted from a
patient’s CT-Scan (Computed Tomography) provided
by the Hospices Civils de Lyon and approved by the
hospital’s ethic committee. The aorta phantom was
designed by Segula Technologies with a molding
technique and silicone injection. The exact type of sil-
icone could not be communicated. Inflow conditions
are shown in Fig. 2. Cheng et al.,3 was taken as the
reference for human abdominal aorta flowrates at rest.
The Reynolds number at the systolic peak and
Womersley numbers were set to 1171 and 16.3
respectively thanks to the mock loop controlling sys-
tem. The reference length was set to the aorta mean
diameter along a cycle (AD = 32.1 mm) and the vis-
cosity was set to the non-Newtonian fluid viscosity at
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high shear rate (linfity ¼ 5:2 mPa s). Moravia et al.,21

provides the details on the design and properties of the
phantom, the BMF, the circulatory mock loop, and the
pulsatile inflow conditions. Additional details on the
setup are provided in the supplementary material 1.

The technique of Particle Image Velocimetry (PIV)
is used to compute velocity fields in different sections

of the aorta phantom. The PIV system, configuration,
and particles choice are described in Moravia et al.,21

and summarized in Table 1. In the current experiment,
a region-of-interest (ROI) was defined as the cross-
section between the laser sheet and the inner part of
aorta phantom (were the fluid flows). This ROI is lo-
cated in the aorta longitudinal direction and in the

FIGURE 1. Experimental setup with the circulatory mock loop hosting the aorta phantom and conveying the blood mimicking
fluid (BMF). The Regions of interest (ROI) corresponds to the imaged PIV plane with the camera and is located in the longitudinal
direction of the phantom at the maximum of diameter. The BMF viscosity measurements are provided for different shear rates15

(with human blood reference25). This aorta phantom 3D representation is given with the wall thickness of the silicone model.
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straightest region of the phantom to minimize out-of-
plane flow for the application of the lnD–U method.
The laser sheet was placed to meet the centreline of the
aorta model at the location were the higher diameter
was detected. This region was chosen as the one where
both the flow and the wall movement could be imaged
in a 2D-plane. In other regions the tortuosity of the
model limited the use of this 2D imaging technique.

PIV Measurements and Post-Processing

The mock loop imposed a pulsatile flow rate and
pressure in the aorta phantom21 while a series of PIV
measurements were performed on the ROI (indicated
on Fig. 1). The measurements consisted of pairs of
images to track the particles displacements between the
two images of each pair. The imposed cardiac cycle

period was of T = 804 ms. The camera acquired a
total of 1000 pairs of images at a framerate of 10 Hz
with a time-lapse Dt = 4 ms between the two images
of each pair. This method allowed one to generate a
batch of images that described different instants
throughout the imposed cardiac cycle. Moreover,
knowing the cycle period and imaging frequency
(10 Hz), all the images can also be located on the im-
posed cardiac cycle. The designed system enabled to
trigger the PIV imaging at chosen instants in the car-
diac cycle which allows locating each measurement in
the imposed cardiac cycle. This was achieved thanks to
a synchronized pulse waveform generation and PIV
triggering in the in-house LabVIEW program that
controlled the simulator. For the cross-correlation
computation, a unique Dt = 4 ms was chosen to
maintain a consistent particle displacement (5–20 pix-
els) between two images of a pair all along a cardiac
cycle. Indeed, the flow velocity strongly varied along a
cardiac cycle which involved a wide range a particle
displacement from systole to diastole. Even though Dt
could be shorter (down to 1 ms) during the systolic
phase, the main limitation came from the slow-motion
diastolic phase with risks of capturing a zero dis-
placement if Dt was too short. Thanks to preliminary
experiments, Dt = 4 ms was found to suit all the cycle
phases. The PIV setup and imaging parameters are
summed up in Table 1. A total of 125 successive cycle
were needed to acquire those 1000 pairs of images. To
achieve those 1000 measurements, the work was di-
vided into five series of dataset with 200 pairs of images
each because of camera RAM limitations with such a
high framerate. The inflow conditions and parameters
were kept the same for each dataset to ensure repro-
ducibility.

For each of the PIV images, the aorta apparent
diameter and velocity fields were computed (Fig. 3).
The outer diameter (D) of the aorta was estimated
thanks to a MATLAB in-house program21 and aorta
phantom upper and lower wall detection with digital
image treatments and analyses (based on grey scale
transitions on the images). Additional details on the
algorithm are provided in the supplementary material
2. The velocity fields were calculated with the software
Davis 10 (LaVision). With Davis 10, the image cross-
correlation was conducted with a multipass method in
the ROI to calculate the velocity field (Fig. 3). The first
pass was performed with 32 9 32 pixels interrogation
windows with an ellipsoid weight with the long axis in
the main flow direction x and a 0% overlap. the second
pass was reduced to 16 9 16 pixels interrogation
windows with a round Gaussian weight and an overlap
of 50%. For each velocity field, a 2nd order polyno-
mial interpolation algorithm was applied to fill up
missing vectors (less than 1% of vectors) and was

FIGURE 2. Inlet flowrate and outlet pressure on the
experimental setup. The flowrate amplitude was set to meet
the data from Cheng et al.3 (abdominal aorta flowrate
measurements). Note that the inlet flowrate is measured in a
rigid pipe upward from the compliant phantom and can only
detect flow in the main direction (toward the phantom). A
dampening effect on the curve and backflows are observed in
the phantom but cannot be captured by this flowmeter. The
standard deviation is indicated for the 125 successive cycles
needed for the experiment.

TABLE 1. PIV set up and parameters.

Setup element Reference

Laser type Nd:YAG nanoPIV, k = 532 nm, Litron laser

Camera sCMOS, 2560 9 2160 pixels, LaVision

Lens AF Micro-Nikkor 60 mm f/2.8D, Nikon

Particles PMMA-RhB, d = 1190 kg/m3, LaVision

Parameters

Laser sheet thickness (mm) 1

PIV framerate (Hz) 10

Dt between pulses (ms) 4

Field-of-view (mm 9 mm) 63.57 9 53.37

Interrogation window (pixel 9 pixel) 16 9 16

Interrogation window (mm 9 mm) 0.40 9 0.40
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followed by a 3 9 3 smoothing filtering. The 16 9 16
pixels interrogation windows have an equivalent reso-
lution of 0.40 9 0.40 mm2 knowing that the mean
aorta diameter is about 32.1 mm. This mean value on
the ROI and throughout the cardiac cycle was calcu-
lated as an ‘‘in-plane’’ diameter with the PIV images
(intersection between the laser sheet and the phantom).
The signal to noise ratio is limited by the setup
parameters (Table 1).

Tensile Strength Tests

The silicone phantom elasticity was measured
through uniaxial tensile strength tests performed on
eight samples cut from a sacrificial aorta phantom.
This sacrificial phantom was the same model as the one
used in the mock loop (same geometry, silicone and
manufacturing technique). The pre-condition for each
sample was set to 10 N and the loading was achieved
with 1 mm/s jaw displacements. From those samples,
the phantom wall thickness was measured as
h = 2.19 ± 0.42 mm (mean and standard deviation
over the eight samples). The tests were performed on a
Lloyd LF-Plus machine and combined with a Digital
Image Correlation measurement.17,25 A random
speckle pattern was applied on the sample and a
camera captured their displacement with the tensile
machine gripped jaws movement. The cross-correla-
tion on the speckle displacement was computed with
the software VIC-3D (Correlated Solution). Knowing
the displacement and the force applied for the jaw
displacements, the elastic modulus could be calculated
with the longitudinal Lagrangian strain.20,25,28

RESULTS

The mean D, along the aorta and the mean velocity
(U) on the whole ROI were calculated for each pair of
images (Eqs. 4 and 5). The mean velocity was inte-

grated on the volume based on the 2D measured
velocity in the ROI and with a cylindrical symmetry
approximation.

D ¼ 1

ny

X

ROI

i

Di ð4Þ

U ¼
XROI

i;j
ui;j � rj

� �

� ds

L � D
2

� �2
; ð5Þ

where Di was the AD computed at each of the ny
vertical line of the ROI with index i along the x-axis, ny
is the total number of vertical lines, ui;j was the velocity

on each interrogation windows inside the ROI (Fig. 3)
at a corresponding radius rj in the phantom, ds is the

surface of a window and L is the length of the ROI. D
and U waveform are shown in Fig. 4a on a cardiac
cycle timeline. To rescale the D and U data on a car-
diac cycle timeline (T = 804 ms), the datasets were
rescaled knowing the 10 Hz imaging frequency and
location of the first image on the imposed cardiac cy-
cle. The corresponding wave intensity (WI) was then
computed and plotted in Fig. 4b to detect local max-
ima and then, reflection less phases. The early systole
maximum was identified as the first peak13 and
is indicated in red on the graph. This period was thus
considered to be a reflection-less one where the diam-
eter/velocity relationship could be analyzed to calcu-
late PWV with Eq. (1).

The lnD–U loop graph is provided in Fig. 5a for the
full set of 1000 pairs of images. The cycle showed a
similar shape as in Di Lascio et al.,8 where the exper-
iment was conducted on mice with ultrasound mea-
surements. To compute PWV, the data corresponding
to the early systole (reflection-less period identified
with the WI analysis) were isolated and presented in
Fig. 5b. The linear regression was performed on those

selected data and the slope gives the dlnD
dU factor. From

Eq. (1), the calculated PWV was 5.79 ± 0.33 m/s. The

FIGURE 3. Illustration of the lnD–U method applied on the PIV images thanks to mean diameter and mean velocity computation
on the ROI. Refer to the bottom left box on Fig. 1 for the orientation of the camera and the image compared to the aorta position and
flow main direction (from the abdominal aorta toward the iliac arteries).
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uncertainty was evaluated from linear regression
standard error on the slope parameter.

Thanks to the Moens–Korteweg equation (Eq. 3),
the Young’s modulus was computed knowing that the
aorta wall thickness was h = 2.19 ± 0.42 mm, the
blood mimicking fluid’s density was q = 1146 kg/m3

and the aorta mean AD = 32.1 mm. This diameter
was set as the mean diameter in the ROI (Eq. 4) which
was then averaged on the whole cardiac cycle. As a
result, the computed Young’s modulus was ElnD�U =
0.56 ± 0.12 MPa. The uncertainty was evaluated with
the uncertainty propagation formulation on Eq. (3)
that took into account the error from the PWV cal-
culation (standard error of the linear regression coef-
ficient) and the wall thickness h (refer to supplementary
material 3).

The Young’s modulus calculated from the tensile
strength tests was equal to Etensile = 0.53 ± 0.07 MPa
(the error is the standard deviation between the 8
measured samples). Considering the uncertainties of
each method, the two values (ElnD�U and Etensile) were
consistent with each other. Uncertainties for the pre-
sent method, ElnD�U, came from PIV measurements
and from the silicone manufactured walls. The tensile
technique has its own uncertainties. It is thus inter-
esting to note that the use of tensile technique or PIV
technique provide similar uncertainties which is
cumulative with the ones coming from silicone manu-
facturing. The ideal solution would be to first conduct
PIV measurements at one location and then, to cut
some sample from the wall at the exact same location
to perform the tensile tests. However, the price of sil-
icone phantom was sufficiently high not to sacrifice all

our phantoms in tensile tests. Another point is that the
tensile method supposed anisotropy. Such hypothesis
has to be verified in the future and could explain some
differences.

DISCUSSION

In the current study, PWV and aorta phantom
Young’s modulus were measured with the local lnD–U
loop method applied on flow velocity and diameter
variations data obtained with PIV. For PWV and both
Young’s modulus computations, the results were
compared to typical data from human aortas. Con-
cerning PWV, the value of 5.79 ± 0.33 m/s was in the
range of an abdominal aorta for a normal subject of
about 50 years old.7,10 The Young’s modulus was also
in the range of measured elasticities of human aortas
according to Lang et al.,16 with typical values ranging
from 0.25 to 1.7 MPa. Moreover, under the realistic
pulsatile conditions imposed by the mock loop, the
phantom diameter variation was around DD =
0.8 mm which was in accordance of a 53–69 years old
male DD.31 In the field of in vitro simulator where rigid
glass,6 3D-printed38 and silicone5 models are used, the
aorta phantom made up of silicone appeared as a rel-
evant choice to mimic those aorta phantom mechanical
responses to pulsatile flow.

Regarding the ElnD�U and Etensile comparison, the
values were in accordance regarding the uncertainty
factors. The percentage difference between the two
values was 5.6%. As noted above uncertainties were
various and some were inherent to the different tech-

FIGURE 4. (a) Mean diameter and velocity waveform in the ROI throughout time rescaled on a cardiac cycle period, (b) WI was
calculated and a local positive peak was identified (red part from t = 0.22 to 0.33 ms is the cardiac cycle timelapse). The two other
visible positive peaks will not be considered in this analysis.
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niques. To provide an order of magnitude, when cal-
cification occurs in the aorta and atherosclerosis
develops, the Young’s modulus of the arterial wall can
double and even become ten times higher in sever
calcification cases compared to a healthy aorta.22 In
the current study, the difference in the measured E
values were provided with large uncertainties but re-
mains in the range of realistic human aorta stiffness.
Moreover, the measurements were based on ‘in-plane’’
values giving flow velocity components. The out-of-
plane flow is source of a bias error, linked to the plane
thickness and responsible for an increase of particle
pattern differences from one frame to the other. That is
limited via the time step recording between two frames
and acceptable signal to noise ratio fixed during cross
correlation analysis.27 To go further, the technique of

3D-PTV (particle tracking velocimetry) can be used to
calculate the velocity with three velocity component
determination in our region-of-interest but in a vol-
ume.11 This method involves multiple cameras and the
use of a laser volume instead of a laser sheet to illu-
minate the targeted region which could be adapted to
the existing experimental bench but with a rather more
complex data analysis. Global diameter and velocity
change on the whole volume could provide a more
precise PWV evaluation.38 Finally, changing the
boundary conditions to modify wave reflections and
inflow conditions could help testing the limits of this
lnD–U technique to evaluate elastic properties and test
the robustness of this method with the help of the WI
calculation to identify reflection-less phases. In any
case, the same PIV measurements can be applied to

FIGURE 5. (a) lnD–U loop graph for five datasets of 200 images each (total of 1000 pairs of images). Each dataset corresponds to
PIV measurements in the ROI, shot with the same imaging parameters. (b) Curve fit on data corresponding to the increase in
systole (109 images) where WI showed a local maximum.
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simultaneously compute the flow velocity and diameter
change on multiple planes and/or other phantoms with
the current aortic flow simulator and the imaging
methodology.

The main limitation with lnD–U method applied
with our PIV system comes from the AD detection. As
explained previously, each point presented on the lnD–
U loop corresponded to a single pair of images. The
statistics relied on large series of single pair of images
shot randomly throughout the cardiac cycle. As a
consequence, in the present experiments, we count on a
large amount of random data on the period of interest
(early systole) to guaranty a reliable linear regression

to compute the dlnD
dU slope parameter. On a pair of

images, the most difficult value to compute is the AD,
since punctual wall detection defects can occur due to
the presence of foreign body and light reflection in the
field of view (mostly in the background). The in-house
algorithm is based on grey scale value differences
between the dark background and the lighter phan-
tom. Strong disturbance on the background or micro-
bubble deposit on the phantom surface can cause
incorrect localization of the phantom’s walls (refer to
supplementary material 2). A way to improve the
technique would be to optimize the wall detection
algorithm.

In the current set of data, 1000 pairs of images were
shot but only 109 of them were in the early systole
(reflexion-less) period (10.9%). However, a complete
cycle imaging was necessary to conduct the WI analysis
and identify this reflexion-less period. The PIV setup
parameters or the implementation of a fast PIV device
could help focusing the imaging in this particular
period.

Finally, the current patient-specific aorta phantom
was designed to reach a constant wall thickness while
the human aorta has a non-uniform wall thickness.4

Specific protocol should be developed to extract the
corresponding patient’s aorta thickness and to imple-
ment it on the manufacturing technique. It could
provide more relevant models and influence the results.
The current observations, calculations and conclusions
are all based on the uniform wall-thickness hypothesis
which differs from real patients and our aorta phan-
tom. The Moens–Korteweg is based on this hypothesis
which can limit the accuracy of the resulting Young’s
modulus.

CONCLUSION

An in vitro investigation of the lnD–U method was
achieved on a circulatory mock loop which replicates
pulsatile flow rates and pressure conditions in an

abdominal aorta phantom made up of silicone. The
lnD–U method often lacks validation with traditional
tensile test to measure material elasticity. The current
experiment on the aorta phantom is used to compare
the lnD–U method to compute Young’s modulus and
traditional tensile test evaluation. Consistent Young’s
modulus values were found between the lnD–U and the
tensile tests methods with a 5.6% difference but not
sufficient to validate the theory on the relation between
PWV and arterial stiffness. Errors can emerge from
out-of-plane flow, wall thickness approximation, and
diameter change evaluation. Further investigation
conducted on other phantom sections or other phan-
tom geometries with the same silicone material are
necessary to validate this lnD–U method with larger
statistics than this single case. However, the current
benchtop simulator and imaging methodology can be
implemented for future investigation of the lnD–U
technique and test the robustness of this method by
varying boundary conditions (connectors, inflow con-
ditions, peripheral resistance with valves, etc.). The
same methodology can be implemented on those future
cases and the system could also be used for other
method comparisons such as the TT or PU-loop
method.
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