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A B S T R A C T   

Vulnerable plaques associated with softer components may rupture, releasing thrombotic emboli to smaller 
vessels in the brain, thus causing an ischemic stroke. Pulse Wave Imaging (PWI) is an ultrasound-based method 
that allows for pulse wave visualization while the regional pulse wave velocity (PWV) is mapped along the 
arterial wall to infer the underlying wall compliance. One potential application of PWI is the non-invasive 
estimation of plaque’s mechanical properties for investigating its vulnerability. In this study, the accuracy of 
PWV estimation in stenotic vessels was investigated by computational simulation and PWI in validation phan-
toms to evaluate this modality for assessing future stroke risk. Polyvinyl alcohol (PVA) phantoms with plaque 
constituents of different stiffnesses were designed and constructed to emulate stenotic arteries in the experiment, 
and the novel fabrication process was described. Finite-element fluid–structure interaction simulations were 
performed in a stenotic phantom model that matched the geometry and parameters of the experiment in 
phantoms. The peak distension acceleration of the phantom wall was tracked to estimate PWV. PWVs of 2.57 
ms− 1, 3.41 ms− 1, and 4.48 ms− 1 were respectively obtained in the soft, intermediate, and stiff plaque material in 
phantoms during the experiment using PWI. PWVs of 2.10 ms− 1, 3.33 ms− 1, and 4.02 ms− 1 were respectively 
found in the soft, intermediate, and stiff plaque material in the computational simulation. These results 
demonstrate that PWI can effectively distinguish the mechanical properties of plaque in phantoms as compared 
to computational simulation.   

1. Introduction 

Pulse waves are pressure waves generated by the heart’s left 
ventricle during each contraction phase propagating throughout the 
arterial tree (Nichols et al., 2011). Pulse wave velocity (PWV) is linked 
to arterial stiffness, and it is a strong predictor of cardiovascular diseases 
in hypertensive patients (Blacher et al., 2001), arteriosclerosis (Liu et al., 
2007), cognitive impairment (Scuteri and Wang, 2014), end-stage renal 
disease (Blacher et al., 2003), coronary artery atherosclerosis (Chiha 
et al., 2016; Kim et al., 2018; Lim et al., 2004), cerebral artery athero-
sclerosis (Zhai et al., 2018), and carotid artery atherosclerosis (Kim and 
Kim, 2019; Zureik et al., 2002). 

Pulse Wave Imaging (PWI) is a non-invasive ultrasound-based 
method that estimates regional pulse wave velocity (PWV) along the 
artery to assess underlying wall compliance (Apostolakis et al., 2017; 
Couade et al., 2011; Fujikura et al., 2007; Karageorgos et al., 2022, 
2021; Vappou et al., 2010). One potential application of the PWI method 
is the non-invasive assessment of the mechanical properties of athero-
sclerotic plaque in the common carotid artery. 

Stroke, the leading cause of disability in adults and one of the most 
common causes of death worldwide, is mainly caused by atherosclerotic 
plaque rupture leading to blockages downstream in the brain (Cicha 
et al., 2011; Donnan et al., 2008). Unstable plaques characterized by the 
combination of a large lipid core covered by a thin fibrous cap are 
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vulnerable to rupture (Hafiane, 2019; Saba et al., 2014). Therefore, 
plaque composition may provide valuable information on the risk for 
rupture, as it can assist clinicians in their intervention strategy. 

The feasibility of Pulse Wave Imaging in atherosclerotic plaque 
characterization has been assessed in the human carotid artery through 
qualitative observation of elevated pulse wave velocity and decreased 
displacement within atherosclerotic plaque (Li et al., 2019) and arterial 
wall inhomogeneity (Karageorgos et al., 2020). Along with PWI, other 
imaging modalities (e.g., Magnetic Resonance Imaging, Computed To-
mography), as well as several ultrasound-based techniques, have also 
been developed for assessing the mechanical properties of plaques 
(Czernuszewicz et al., 2015; Lechareas et al., 2016; Majdouline et al., 
2014; Marlevi et al., 2020; Widman et al., 2015; Wu et al., 2021). 

In addition, several studies investigated the effect of material prop-
erties and structure of carotid atherosclerotic plaque on stress distribu-
tion and hemodynamic shear stress for plaque vulnerability using 
fluid–structure interaction (FSI) simulations (Ahmadi and Ansari, 2019; 
Bennati et al., 2021; Patel et al., 2021; Tang et al., 2005; Wong et al., 
2012; Yuan et al., 2015; Zhou et al., 2017). 

Pulse wave velocity is correlated with the elastic modulus of the 
arterial wall through Moens- Korteweg analytical equation, PWV =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Eh/(2ρR(1 − ϑ2) )

√

, where E is Young’s modulus of the vessel wall, h is 
the vessel wall thickness, R is the vessel radius, ρ is the blood density, 
and ϑ is the Poisson’s ratio of the vessel wall. The equation holds for a 
purely elastic infinite straight cylindrical tube having small 

Fig. 1. Schematic of the molds. The molds consisted 
of an inner rod that occupied the negative cavity 
representative of the lumen and a hollow outer cyl-
inder that would determine the thickness of the 
phantom wall. The molds were filled with PVA solu-
tion, and the ends were sealed with caps to avoid 
dehydration due to contact with air. The molds were 

then exposed to repeated freezing and thawing cycles (12 hrs. / cycle) that solidifies and generates PVA phantoms where the number of cycles determined the 
stiffness.   

Fig. 2. (a) Planar view of the stenotic phantom at the longitudinal section. All the phantoms in this study have the same geometry. The plaque was modeled as a 
spherical occlusion attached to a 1 mm-thick wall with 19 mm length extruding from the inner surface of the phantom wall starting 65 mm longitudinally from the 
inlet of the artery model. The occlusion was generated by symmetric, circumferential plaque revolving around a 14.3 mm-long longitudinal segment at the inner wall 
surface. The circumferential plaque has a radius of 10 mm and is centered at 7 mm from the inner wall surface. A 1 mm-thick wall was necessary to build the stiff 
plaque so that the plaque would hold onto the inner rod at the stenosis as we needed to pour a new PVA solution on top of it to make the phantom wall. However, the 
1 mm-thick wall was maintained in the intermediate and soft plaques as well for the consistency in the phantom geometry throughout the study, (b-c) Fabrication 
process of the PVA phantom with stiff and soft plaque respectively. 
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deformations and filled with an incompressible fluid. However, the 
correlation of the PWV with stiffness in stenotic vessels is complex and 
requires computational simulations. 

several studies utilized FSI simulations for studying pulse wave 
propagation and PWV; i.e. in a fluid-filled elastic tube (Bazilevs et al., 
2006), and straight arterial models (Elkenani et al., 2017; Shahmirzadi 
et al., 2012). The feasibility of an FSI-based computational approach in 
developing PWI methods using the open-source finite element software 
FEBio has been previously examined for an ideal stenotic arterial model 
with a plaque of identical material properties as the wall (Gatti et al., 
2020; Shim et al., 2021). In this study, the accuracy of regional PWV 
estimation in stenotic vessels with plaque constituents of different ma-
terials was further investigated in phantoms using PWI. For the experi-
ment, PVA phantoms with plaque constituents of different stiffnesses 
were designed and constructed using computer-aided design (CAD) tools 
and 3D printing, using a novel fabrication process described in the 
paper. In addition, FE-FSI simulations were employed on the stenotic 
phantom models to investigate the accuracy of FSI-based computational 
simulation in predicting the variations in PWV in different plaque con-
stituents by verifying them with PWI in validation phantoms. So that the 
simulation could support further development of PWI methods in 
characterizing plaque vulnerability and clinical findings in future 
studies. 

Because of the changes in the geometry, and the fluid pressure along 
the stenosis, PWVs would continuously vary at the plaque. However, 
PWVs in this study are assumed constant along each segment (pre-ste-
nosis/stenosis/post-stenosis) which was found by fitting a linear 
regression line between the time points of the arrival of the wave of the 
peak distension acceleration and the corresponding locations. Further 
work will exploit this framework to assess the sensitivity of PWI to detect 
small changes of interest in combination with the geometry change. 

2. Methods 

2.1. Constructing Polyvinyl alcohol arterial mimicking phantom 

Stenotic PVA phantoms with 63% ± 5% degree of stenosis (the 
maximum percentage of the arterial wall inner diameter occluded by the 
stenosis) were designed to mimic the arterial wall with plaque constit-
uents of different stiffnesses: soft, intermediate, and stiff. For this pur-
pose, molds were designed and constructed using CAD modeling 
(Solidworks, Dassault systems, Vélizy-Villacoublay, France) and 3D 
printing (Formlabs, Massachusetts, USA), as shown in Fig. 1. 

The PVA solution consisted of deionized water (78% fractional 
weight), PVA powder (Sigma-Aldrich, St. Louis, MO) to form viscoelastic 

walls (10% fractional weight), glycerol to increase the sound speed 
(10% fractional weight), and graphite acoustic scatters (Sigma-Aldrich, 
St. Louis, MO) with 3% fractional weight. The solution was mixed at 
90 ◦C until fully homogenized, after which it was left to cool and 
degassed (Chayer et al., 2019; Chee et al., 2016; Galluzzo et al., 2015; 
Gatti et al., 2020). In addition, the PVA solution used for forming the 
plaques was poured into 1 cm cubes following the exact freeze-and-thaw 
cycle process. These cubes were then used for mechanical testing to find 
material characteristics of plaques and phantom wall. Fig. 2(a) illus-
trates the schematic of the stenotic phantom. 

For constructing the phantom with stiff plaque (Fig. 2(b)), the PVA 
solution was poured into a stenotic mold and was exposed to six freeze- 
and-thaw cycles, after which it was removed from the mold. The edges of 
the newly built stenotic phantom were cut and removed so that a small 
stenotic section (Plaque) was left, which was subsequently put back in 
the mold by slowly sliding it in. The mold was then filled with a new PVA 
solution to create the phantom wall with a thickness of 2 mm. The mold 
was then exposed to six more repeated freeze-and-thaw cycles. Thus, the 
plaque and the phantom wall experienced twelve and six freeze-and- 
thaw cycles, respectively, so we could achieve stiffer plaque in the 
middle of the artery model while the rest of the phantom had lower 
stiffness. 

For the phantom with soft plaque (Fig. 2(c)), we followed a different 
procedure by forming the phantom wall first. For this purpose, the PVA 
solution was filled into a mold with an outer cylinder and an inner 
straight rod (no cavity) to generate a straight phantom. A plug was also 
placed in the middle section of the outer cylinder mold to create a 
phantom with a small hole crossing through the phantom wall. The 
solution was then exposed to four freeze-and-thaw cycles, after which it 
was removed from the mold. The straight phantom was put back into a 
mold with a stenotic rod. Then a new PVA material was injected through 
the small hole of the straight phantom to fill the cavity. The mold was 
then exposed to two more freeze-and-thaw cycles. Thus, the plaque and 
the phantom wall experienced two and six freeze-and-thaw cycles, 
respectively, so we could achieve softer plaque in the middle of the ar-
tery model. 

For the phantom with intermediate plaque, the PVA solution was 
poured into the mold having an inner rod with a cavity. The PVA so-
lution was exposed to six freeze-and-thaw cycles to generate a stenotic 
phantom where the plaque and the phantom wall has similar material 
property. 

Finally, all three phantoms were removed from the molds and 
mounted onto a custom-made box through fittings placed in the box. The 
fittings were built using CAD models and 3D-printed. The fittings were 
extruded about 10 cm from the box to establish a fully developed flow in 

Fig. 3. Schematic of the experiment setup and ultrasound acquisition.  
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the phantom. To prepare and mimic the tissue around the phantoms, 
porcine-skin gelatin (Sigma-Aldrich, St. Louis, MO) with a fractional 
weight of 4% was added in hot deionized water, and the solution was 
boiled to let thoroughly mix. The gelatin solution was then poured into 
the box around the phantoms once it is cooled to room temperature and 
degassed. The box was placed back in the fridge (4 ◦C) for two days 
before the experiment to let the gelatin solidify. Also, before pouring the 
gelatin, the phantoms were filled with deionized water and sealed so 
they would not dehydrate and collapse in the fridge. 

2.2. Flow experiment and pulse wave Imaging 

A computer-controlled displacement pump (CompuFlow 1000, 
Shelley Medical Imaging Technologies, Toronto, Canada) was connected 

to the inlet and outlet of the phantom to circulate blood-mimicking fluid 
(Ramnarine et al., 1998). The pump generated a physiological pulsatile 
flow with a waveform like that in the common carotid artery (Holds-
worth et al., 1999) with an amplitude of 10 mL/s as illustrated in Fig. 3. 
The total duration of 1.9 s was set for each pump cycle. Each cycle 
included a 0.9 s of a common carotid artery flow waveform followed by 
a 1 s interval to allow the attenuation of the reflections from the previous 
cycle before the beginning of a new cycle and eliminate the effect of 
reflected waves from the previous cycle in the forward wave of the new 
cycle. The pulse wave propagation was tracked over the phantom by 
monitoring the distension of the phantom wall within a single cycle 
using the Pulse Wave Imaging technique. An L7-4 Linear array trans-
ducer with 128 elements, a center frequency of 5.2 MHz, and 60% 
Bandwidth (L7-4, ATL Ultrasound, Bothell, WA, USA), was connected to 
a Verasonics Vantage 256 research platform (Verasonics, Bothell, WA, 
USA). The probe was mounted on a computer-controlled motorized 
translation stage that could be shifted along the phantom to acquire 
signals over the phantom width in three steps, one every 37.8 mm 
corresponding to the field of view of L7-4. To quantify the PWV, the peak 
of the distension acceleration waveform was tracked across the field of 
view of the propagation on the spatiotemporal map to estimate pulse 
wave arrival time (for more details Appendix A). 

2.3. Material properties 

The PVA material was modeled as a homogeneous isotropic nearly 
incompressible quasilinear viscoelastic material (Gatti et al., 2020). The 
non-linear elastic behavior of the material was defined using a first- 
order hyperplastic Ogden model. The Ogden material is expressed 
using the following hyperplastic strain energy function, 

W =
(
c/m2)

(

λ̃
m
1 +λ̃

m
2 +λ̃

m
3 − 3

)

where λ̃i are the deviatoric principal 

Table 1 
Material mechanical properties.   

Material 
Elastic constants 
(Ogden first 
order) 

Viscoelastic 
constants 

Young’s modulus at 
the limit of zero strain 
(from the stiffness 
matrix of the Ogden 
material)  

c m γ τ E0(kPa)

Softer Plaque 7842  − 3.1  0.055 1500 12 
Wall & 

intermediate 
plaque 

17,389  − 8.7  0.139 1498 30 

Stiffer Plaque 52,500  − 1.19  0.202 1500 95 

The gelatin was modeled as a homogenous isotropic compressible quasi-linear 
viscoelastic material (Gatti et al., 2020) with a neo-Hookean equilibrium 
elastic response (E = 5.98 kPa, Poisson’s ratio υ = 0.41, γ = 0.37, τ = 1044 s)  

Fig. 4. (a) Axonometric view of the geometry and mesh of the finite element model with the dimensions matching the experiment, (b) pressure boundary conditions 
at the inlet and outlet of the fluid domain for FSI simulation. 
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stretches, and c and m are elastic material parameters. An exponential 
relaxation function of the form G(t) = 1+γe(− t/τ) was used to model the 
quasilinear viscoelastic behavior of the material, where 1+γ represents 
the ratio of instantaneous to equilibrium modulus and τ is the relaxation 
time constant. The material properties (c, m, γ, and τ) were extracted by 
fitting the viscoelastic material model using the Levenberg-Marquardt 
method within the FEBio finite element software (Maas et al., 2012) 
to the unconfined compression stress-relaxation test data (for more de-
tails Appendix B). These properties were then used in the phantom wall 
and plaque models in the FSI simulations (Table 1). 

2.4. Fluid-Structure interaction (FSI) simulation 

The propagation of a pulse wave was simulated using finite element- 
based fluid–structure interaction simulations (FE-FSI) in FEBio (Maas 
et al., 2012; Shim et al., 2019). For the simulation, the 3D CAD model of 
the phantom was first built and meshed in Abaqus CAE (Dassault sys-
tems, Vélizy-Villacoublay, France), as illustrated in Fig. 4 (a). The CAD 
model consisted of the stenotic phantom built with the same geometry 
used in the experiment and a surrounding 24 mm-thick gelatin sleeve. 
Due to the symmetry about the longitudinal plane, only half of the model 
was constructed for the simulation to reduce computational costs. The 
fluid domain, the phantom wall, and the plaque meshed with quadratic 
tetrahedral elements with a maximum node-to-node distance of 1 mm, 
and the gelatin meshed with quadratic hexahedral elements. The mesh 

at the phantom wall and at the fluid in the stenotic region was 
customized and refined. To capture the boundary layer effects, a 0.16 
mm thick boundary layer mesh was applied at the interface of the 
phantom and fluid flow using quadratic wedge elements. 

The simulations were run in FEBio over two analysis steps, including 
a first step which increased the flow pressure to that in the experiment in 
phantoms, followed by a second step that ran for 0.6 s with a maximum 
time step of 1 ms to ensure proper accuracy in the time domain. For 
details on the FSI implementation, please see (Shim et al., 2019). The 
blood-like fluid constituent in the fluid-FSI domain was simulated as a 
slightly compressible Newtonian viscous fluid with a shear viscosity of 
0.004 Pa.s, mass density of 1060 kg.m− 3, and bulk modulus of 2.2 GPa. 
The solid constituent in the fluid-FSI domain was modeled as a massless 
compressible neo-Hookean elastic solid with a very low Young’s 
modulus (1 nPa) and zero Poisson’s ratio. Zero displacement was pre-
scribed as the boundary condition on the outer wall of the gelatin, at the 
inlet and outlet faces of the phantom, and on the mesh of the fluid-FSI 
domain at the inlet and outlet faces. Zero normal displacement was 
applied on the symmetry plane for these same domains. No-slip 
boundary and fluid-FSI traction were prescribed at the interface of the 
fluid-FSI domain and the inner wall of the phantom. Pressure boundary 
conditions were prescribed at the inlet and outlet of the fluid domain. 
Inlet and outlet pressures were obtained from experimental measure-
ments using a Mikro-Tip pressure catheter (MPR-500, Miller, Houston, 
TX) where a three-way tube was added to the phantom allowing the 
catheter to be inserted into the phantom. Before pressure measurements, 

Fig. 5. Spatiotemporal maps of the axial wall distension rate along the phantom with (a) soft plaque, (b) intermediate plaque, (c) stiff plaque in the experiment using 
PWI, and (d) maximum axial wall distension rate along the phantom. Thin-dashed lines represent the boundaries of the stenosis. The forward wave (the first red front 
with a positive slope) and the reflected wave (the first red front with a negative slope) are respectively shown with the solid and thick-dashed lines at the pre-stenosis 
and post-stenosis in Fig. 5(c) for more clarification. Note that the reflection from the phantom outlet is more visible compared to the reflection at the plaque. This 
could be because of the stronger impedance mismatch between the phantom and the container compared to that between the pre-stenosis and the plaque, as well as 
the longer distance of the phantom outlet from the plaque which allows more separation time between the forward wave and reflected wave from the phantom outlet. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the catheter was calibrated by a transducer calibration device (Delta- 
Cal, Utah Medical Products, Midvale, Utah). The signals received from 
the catheter were then converted to pressures (Fig. 4(b)). The pressure 
values show fluctuations which could be the consequence of pulse wave 
reflections, and turbulence due to the nature of the setup and the pump. 

3. Results 

Figure 5(a-c) shows the spatiotemporal maps of the axial distension 
rate of the three phantoms with plaque constituents of different stiff-
nesses: soft, intermediate, and stiff during the experiment using PWI. As 
it is seen in the spatiotemporal map of the wall distension rate, the pulse 
peak arrives at the phantom at around t = 0.25 s. The pulse wave then 
propagates along the phantom wall and gets reflected at the plaque and 
phantom outlet. Due to the nature of the phantom experiment where the 
phantom is mounted and tied to the fittings of the box, significant 

reflections occur which reverberate along the phantom. Note that the 
reflection at the plaque appears in the first red front with a negative 
slope at the pre-stenosis around t = 0.3 s (i.e., thick-dashed line in Fig. 5 
(c)). However, the reflected wave is merged with the forward wave, 
making it visually difficult to separate. This reflection is more noticeable 
in the stiff plaque (Fig. 5(c)) compared that in the soft plaque (Fig. 5(a)). 

Fig. 5(d) shows the maximum axial wall distension rate for those 
three phantoms. As expected, the axial wall distension rate in stiff pla-
que had the smallest value among these three plaque constituents. As 
observed in Fig. 5(a-d), the phantom wall had a much lower axial 
distension rate at the stenosis due to lower circumferential stress. Fig. 6 
shows the pulse wave velocity obtained from PWI at the stenotic region 
of the phantoms with soft plaque, intermediate plaque, and stiff plaque. 

Figure 6(a-c) shows the pulse wave velocity at the pre-stenosis and 
stenosis, and Fig. 6(d-f) at the post-stenosis of the phantoms. PWVs were 
mapped on the spatiotemporal map of the axial wall distension rate. 

Fig. 6. PWVs at the pre-stenosis, stenosis, and post-stenosis of the phantom with (a, d) soft plaque, (b, e) intermediate plaque, (c, f) stiff plaque in the experiment 
using PWI. The small circles overlaid on the spatiotemporal maps indicate the arrival time of the peak distension acceleration. A linear regression line was fitted to 
the map between the time-points of arrival of the wave of the peak acceleration and the corresponding locations representative of the traveled distance. The slope of 
the linear fit estimated the PWV with a coefficient of determination r2 indicative of the precision of the fit. Dashed lines represent the boundaries of the stenosis. The 
PWV was measured over segments with around 19 mm width corresponding to half of the distance over the field of view and the approximate width of the plaque. 
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Peak acceleration of the wall distension waveform was tracked to find 
the pulse wave arrival time since it provided better separation (less 
interference) between the forward and reflected wave at the stenosis for 

more accurate estimation of the pulse wave arrival time (for more details 
Appendix C). The RF data were acquired such that the boundary of the 
stenosis and phantom wall lies under the middle of the field of view so 

Fig. 7. Spatiotemporal maps of the axial wall distension rate along the phantom with (a) soft plaque, (b) intermediate plaque, (c) stiff plaque in the FSI simulation. 
(d) maximum axial wall distension rate along the phantom. Dashed lines represent the boundaries of the stenosis. 

Fig. 8. PWVs at the pre-stenosis, stenosis, and post-stenosis of the phantom with (a) soft plaque, (b) intermediate plaque, (c) stiff plaque in the FSI simulation. The 
small circles overlaid on the spatiotemporal maps indicate the arrival time of the peak distension acceleration. A linear regression line was fitted to the map between 
the time points of the arrival of the wave of the peak acceleration and the corresponding locations representative of the traveled distance. The slope of the linear fit 
estimated the PWV with a coefficient of determination r2 indicative of the precision of the fit. Dashed lines represent the boundaries of the stenosis. The PWV was 
measured over segments with around 19 mm width corresponding to half of the distance over the field of view and the approximate width of the plaque. 
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that PWV is mapped over equally distanced segments at the pre-stenosis, 
stenosis, and post-stenosis for consistency. Due to the changes in the 
geometry and the pressure along the stenosis, PWVs would continuously 
vary at the plaque. However, PWVs in this study are assumed constant at 
each segment which was found by fitting a linear regression line be-
tween the time points of the arrival of the wave of the peak distension 

acceleration and the corresponding locations representative of the 
traveled distance in that segment with the coefficient of determination 
r2 indicative of the goodness of the linear fit. The pulse wave velocity 
values at the plaque were reported in the following with the 95% con-
fidence bounds associated with the linear fit. 

Pulse wave velocities of 2.57 ms− 1 (95% confidence interval of the 

Fig. C1. Experimental data of the spatiotemporal maps from PWI and PWV (a) in the straight phantom with 50% upstroke of velocity waveform arrival time marker, 
(b) in the pre-stenosis of the stenotic phantom with 50% upstroke of the velocity waveform arrival time marker, (c) in the pre-stenosis of the stenotic phantom with 
the peak acceleration of the waveform arrival time marker. The small circles overlaid on the maps indicate the marker arrival time with the corresponding linear 
fitting. Dashed lines indicate the boundary of the stenosis. 

Fig. C2. Experimental data of the spatiotemporal map of (a) axial wall distension rate, (b) axial wall distension acceleration at the pre-stenosis of the stenotic 
phantom using PWI. 

Fig. D1. Spatiotemporal map of the wall distension rate and PWV at the stenosis of three PVA phantoms (50% stenosis degree) with (a) soft plaque, (b) intermediate 
plaque, and (c) stiff plaque. The mechanical properties and stiffness of these phantoms are different from those discussed earlier throughout this study A linear 
regression line was fitted to the spatiotemporal map between the time points of the arrival of the peak acceleration waveform and the corresponding locations 
representative of the traveled distance. The slope of the linear fit estimated the PWV with a coefficient of determination r2 indicative of the goodness of the fit. 
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PWV: 2.41 ms− 1 to 2.70 ms− 1), 3.41 ms− 1 (95% confidence interval of 
the PWV: 2.95 ms− 1 to 4.21 ms− 1), and 4.48 ms− 1 (95% confidence 
interval of the PWV: 4.13 ms− 1 to 7.67 ms− 1) were found in the phantom 
experiment using PWI for soft plaque, intermediate plaque, and stiff 
plaque respectively. Also, PWVs of 2.84 ms− 1, 2.74 ms− 1, and 3.39 ms− 1 

were found, respectively, at the pre-stenosis of the phantoms with soft, 
intermediate, and stiff plaques. Due to larger reflection, higher PWV was 
estimated at the pre-stenosis of the phantom with a stiff plaque 
compared to those in the phantoms with soft and intermediate plaques 
even though the wall material is similar for all the phantoms. 

Figure 7 (a-c) shows the pulse wave propagation on the three studied 
phantoms in FSI simulations visualized as the spatiotemporal map of 
phantom wall distension rate, and Fig. 7(d) shows the corresponding 
maximum wall distension rate along the phantom wall. Overall good 
agreement is observed for pulse wave propagation between phantom 
experiments using PWI (Fig. 5) and FSI simulation (Fig. 7). However, the 
phantom wall had a larger distension rate in FSI simulations compared 
to experiments. 

Fig. 8 shows the corresponding pulse wave velocity at pre-stenosis, 
stenosis, and post-stenosis in FSI simulations using peak distension ac-
celeration arrival time marker. Similar to the experiment in phantoms, 
PWVs were mapped on the spatiotemporal map of the axial wall 
distension rate. PWVs of 2.10 ms− 1(95% confidence interval of the PWV: 
2.04 ms− 1 to 2.16 ms− 1), 3.33 ms− 1(95% confidence interval of the 
PWV: 2.88 ms− 1 to 3.94 ms− 1), and 4.02 ms− 1 (95% confidence interval 
of the PWV: 3.46 ms− 1 to 4.80 ms− 1) were found in the FSI simulations 
for soft plaque, intermediate plaque, and stiff plaque constituents 
respectively. Also, PWV of around 1.8 ms− 1 was found at the pre- 
stenosis in the simulation. FSI simulations were able to quantify larger 
PWV values for stiffer plaques. However, the predicted PWVs at the 
stenotic region in the FSI simulations were lower than those in the 
phantom experiments. It is worth mentioning that we also performed a 
similar experiment in a different set of constructed phantoms and found 
consistent results with the results of the current study where PWI could 
quantify larger PWV with the increase of stiff material content in the 
plaque (for more details Appendix D). 

4. Discussion 

The objective of the current study was to investigate pulse wave 
propagation on stenotic artery models with plaque constituents of 
different stiffnesses to find the regional pulse wave velocity in the ste-
notic region with the PWI method for assessing plaque vulnerability. 
Therefore, PVA phantoms with stiff, soft, and intermediate plaques were 
designed and the novel fabrication process was demonstrated. FSI sim-
ulations were performed to verify that variations in plaque stiffness 
produce variations in PWV that are consistent with experimental ob-
servations so that computational simulations could serve as an alterna-
tive for developing PWI methods and supporting clinical findings. The 
FSI simulations and phantom experiments using PWI showed good 
agreement in quantifying the plaque compliance based on the PWV, 
with a stiffer plaque showing a larger PWV in both cases. Relative errors 
of 18%, 2.3%, and 10% were observed in PWVs between the phantom 
experiment and FSI simulation for soft plaque, intermediate plaque, and 
stiff plaque, respectively. However, FSI simulations predicted lower 
PWVs at the stenotic region and larger distension rates compared to 
those in phantom experiments, though trends were similar. Comparing 
the PWVs at the pre-stenosis region between the phantom experiments 
and FSI simulations showed relative errors of 37%, 33%, and 45% in 
PWVs at the pre-stenosis in the phantoms with soft plaque, intermediate 
plaque, and stiff plaque, respectively. 

Pulse wave velocity is associated with blood flow pressure (Spronck 
et al., 2015). Therefore, the difference observed in PWVs may be 
attributed to the inaccuracy in pressure measurement at the phantom 
outlet during experiments since those were later used in the FSI simu-
lations. Downstream of the plaque, vortices were generated that traveled 

along the phantom due to vortex shedding. The Reynolds number of the 
flow in this study was 423 (maximum flow velocity of 0.2 m/s at the 
upstream of the plaque, characteristic length (lumen diameter) = 8 ×
10− 3 m, and kinematic viscosity of fluid = 3.78 × 10− 6 m2/s) which is in 
the laminar regime. However, laminar flow does not prevent vortex 
shedding (Bluestein et al., 1999; Paley et al., 2000); therefore the flow 
may become disturbed downstream of the plaque. Given the length of 
the phantom in our experiment, shedded vortices most likely did not 
dissipate entirely at the phantom outlet. This may have caused inac-
curacies in the pressure readings, as the pressure may have fluctuated 
significantly along the lumen cross-section. 

Inaccuracy in estimating mechanical properties could also induce 
differences between FSI simulations and phantom experiments. 
Comparing the PWV values and wall distension rates between phantom 
experiments and FSI simulations suggests that the mechanical stiffness 
may have been underestimated in FSI simulations, behaving as though 
they were softer than that in the phantom experiments. PVA phantoms 
have the advantage of providing artery-like vessel elasticity, high 
acoustic compatibility, and readily tunable mechanical properties (Chee 
et al., 2016; Surry et al., 2004); however, their mechanical properties are 
time-sensitive (Gatti et al., 2020). 

Given these potential experimental limitations, it is essential to 
emphasize that exact agreement between FSI simulations and phantom 
measurements was not required for the primary aim of this study. We 
aimed to demonstrate that PWV could detect significant differences in 
plaque stiffness, as simulated experimentally with these phantoms, and 
that the variations in PWV with plaque stiffness would be consistent 
with predictions from FSI simulations. In this context, our aim was 
achieved successfully, with a highly satisfactory agreement between 
these two methods. 

5. Conclusion 

This study investigates pulse wave propagation in stenotic phantoms 
with plaque constituents of different stiffnesses using Pulse Wave Im-
aging and validated against FSI simulations. The objective of this study 
was to evaluate the ability of PWI to measure regional pulse wave ve-
locity in pre-stenosis, stenosis, and post-stenosis regions, for ischemic 
stroke risk assessment. PVA phantoms with plaque constituents of 
different stiffnesses were designed for the experiment, and a novel 
fabrication process was described. The number of freeze-and-thaw cy-
cles modulated the plaque stiffness during the fabrication process. Ste-
notic phantoms with three different plaque constituents; soft (E0 = 12 
kPa), intermediate (E0 = 30 kPa), and stiff (E0 = 95 kPa) were investi-
gated throughout the study, where E0 is the equilibrium Young’s 
modulus in the limit of zero strain. Peak acceleration of the distension 
waveform on the phantom wall was used to track the pulse wave ve-
locity. Both FSI simulations and experiments showed good agreement in 
quantifying the plaque stiffness based on the PWV, whereas stiffer pla-
que showed larger PWV in both FSI simulations and experiments. PWVs 
of 2.57 ms− 1, 3.41 ms− 1, and 4.48 ms− 1 were found for plaque materials 
with soft, intermediate, and stiff constituents using PWI in phantoms. 
PWVs of 2.10 ms− 1, 3.33 ms− 1, and 4.02 ms− 1 were respectively found 
for soft, intermediate, and stiff plaque constituents in FSI simulations. 
These results demonstrate that PWI can effectively distinguish the me-
chanical properties of plaque in phantoms. 
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Appendix A 

Ultrasound acquisitions were carried out along the longitudinal axis of the phantom by using a coherent compounding sequence involving 
transmission of 3 plane waves at angles of ( − 2◦

, 0◦

, 2◦ ), at a pulse repetition frequency of 8333 Hz (Apostolakis et al., 2017). Channel data were 
recorded over a time interval of 1 s, and the acquisition sequence was synchronized with the beginning of the pump cycle by using an artificial ECG 
trigger provided by the pump. The radio frequency (RF) data were beamformed using the delay and sum algorithm and then coherently summed, 
producing thus compounded RF frames of improved quality with an effective frame rate of 2777 Hz. A graphics processing unit accelerated 1D cross- 
correlation method (Luo and Konofagou, 2010) was used to estimate the incremental axial displacements among consecutive frames, which were then 
normalized with the frame rate to generate axial wall velocities. To estimate the wall motion, the interior of the upper and lower walls of the phantom 
and plaque were segmented to obtain the temporal waveform of the axial wall velocities at each lateral location. The upper wall velocity was sub-
tracted from that of the lower wall to eliminate any rigid motion and obtain a spatiotemporal map of the axial distension rate of the phantom, to 
visualize the pulse wave propagation. Subsequently, the axial distension rate was filtered with a 3x3 median kernel and then temporally differentiated 
to obtain the distension acceleration (Karageorgos et al., 2020). 

Appendix B 

Mechanical properties of the plaque material, phantom wall, and surrounding gelatin were measured using unconfined compression stress- 
relaxation tests performed on the cubic samples that were constructed with identical protocols as the PVA phantoms. Each cubic sample was sub-
jected to a linearly increasing compressive displacement from zero to 15% engineering strain, then maintained constant for 3000 s. The engineering 
stress response (force divided by initial cross-sectional area) was recorded and analyzed to obtain the viscoelastic properties of the phantom materials. 

Appendix C 

Several markers have already been proposed to track the pulse wave arrival time, i.e., 50% upstroke of the velocity waveform (defined as the time- 
point corresponding to the middle of the foot and the peak of the phantom wall distension rate, so that the forward wave is less affected by the 
generated reflected wave (Apostolakis et al., 2017; Nichols et al., 2011)), and the peak of the acceleration distension waveform. To apply the more 
reliable PWV marker for this study, pulse wave velocity was first found on the straight phantom using PWI to confirm the expected pulse wave velocity 
value at the pre-stenosis region. Fig. C1 (a) shows the mapping of PWV on the spatiotemporal map of the axial distension rate in the straight phantom 
across the field of view. Fig. C1 (b-c) shows the PWV in the pre-stenosis region of the stenotic phantom with two different markers to track the pulse 
wave arrival time: 50% upstroke of the velocity waveform and peak acceleration waveform, respectively. The start of the stenosis is marked with 
dashed line on the spatiotemporal map and is located at around 0.065 m away from the phantom inlet. The small circles overlaid on the maps indicate 
the marker arrival time with the corresponding linear fitting. At regions further away from the plaque, both markers provide similar PWV values like 
that observed in straight phantom. 

However, unlike the peak acceleration marker, tracking 50% upstroke of velocity waveform overestimates the PWV at the pre-stenosis region by 
the plaque. This overestimation in PWV is due to the reflections from the plaque that interferes with the forward pulse wave. Since acceleration 
waveform has higher frequency components and lower periods, it provides better separation of the forward and reflected pulse wave, as it is observed 
in Fig. C2. Note that shorter pulse waves would provide better estimation of pulse wave arrival time. Shorter pulse waves have shorter periods, thus 
resulting in less interference between the forward and reflected waves. 

On the other hand, the reflections of shorter pulse waves would attenuate more due to their higher frequency, potentially reducing the effect of 
reflections on pulse wave arrival time estimation. In this study, we have followed a similar rationale to estimate pulse wave arrival time by monitoring 
wall distension acceleration waveform rather than the wall distension rate. It is because the distension acceleration waveform has a higher frequency, 
resulting in better separation of forward and reflected waves. Fig. C2 shows the spatiotemporal map of (a) axial wall distension rate, and (b) axial wall 
distension acceleration at the pre-stenosis of the stenotic phantom experiment. As noted, wall acceleration provides better separation of the forward 
and reflected pulse wave. Therefore, tracking peak distension acceleration of the wall provides more reliable PWV estimation at the stenotic region. 
Therefore, it has been used as the wave arrival time marker in this study. 

Appendix D 

As a reference, the PWV at the stenosis of three phantoms (with 50% stenosis degree) in another case study was shown in figure D (Mobadersany 
et al., 2023) which was found by PWI. One objective of this case study (Mobadersany et al., 2023) was to evaluate the capability of PWI in assessing 
plaque heterogeneity where both softer and stiffer constituents are present in each plaque. As part of the case study, three PVA stenotic phantoms (50% 
stenosis degree) with homogeneous plaque constituents of soft, intermediate, and stiff were constructed along with the heterogeneous plaques for 
comparison. For constructing the phantoms, the PVA solution was prepared following the similar procedure discussed earlier. However, the number of 
freezing and thawing cycles were modulated during the fabrication process to generate soft (E0 = 13 kPa), intermediate (E0 = 40 kPa), and stiff (E0 =
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54 kPa) constituents with the phantom wall having the same mechanical properties as the intermediate constituent. 
Fig. D1 shows the spatiotemporal map and PWV of these homogeneous soft, intermediate, and stiff plaques. However, the spatiotemporal map and 

PWV of the heterogeneous plaques have not been provided here since the plaque heterogeneity is not the scope of the current study. As shown in figure 
D, pulse wave velocities of 2.06 ms-1, 2.49 ms-1, and 3.31 ms-1 were found using PWI for soft plaque, intermediate plaque, and stiff plaque, 
respectively in this set of phantoms with the stiffer plaque showing larger PWV values, and lower distension rate. 
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