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Abstract— As the complexity of ultrasound signal processing 

algorithms increases, it becomes more difficult to demonstrate 
their added value. In the context of quantitative measurements 
such as vascular elastography, vector flow mapping, and ultrafast 
tissue Doppler, innovative validation strategies are required. 
Phantoms have been widely used but they do not correspond to the 
geometry of vulnerable carotid atherosclerotic plaques containing 
a large lipid pool embedded within the vessel wall of an 
anthropomorphic lumen geometry.  

We propose a method of manufacturing such phantoms for 
applications in flow imaging and elastography. The internal 
carotid geometry was based on a computed tomography scan of a 
healthy individual. During the fabrication process, a soft inclusion 
mimicking a stenotic lipid pool was embedded within the vascular 
wall. The phantom wall and soft inclusion were made of polyvinyl 
alcohol (PVA) that undergone different numbers of freezing-
thawing cycles to produce different mechanical property.  

Mechanical testing measured Young’s moduli of the vascular 
wall and soft inclusion at 342 ± 25 kPa and 17 ± 3 kPa, respectively. 
Strain elastography results on the lipid pool mimicking inclusion, 
fibrous cap and remaining phantom wall showed greater strain in 
the lipid pool, which is consistent with expected results. Because of 
their realistic geometries and mechanical properties, those 
phantoms may become advantageous for fluid-structure 
experimental studies and validation of new ultrasound-based 
imaging technologies.   

Keywords—Elastography, atherosclerosis, ultrasound vascular 
phantom, Doppler imaging 

I. INTRODUCTION  
By considering the increasing number of complex medical 

imaging methods being reported in the literature, there is a need 
for sophisticated validation methods. In response to these needs, 

and especially in the context of new ultrasound elastography and 
flow imaging methods being developed, we designed a carotid 
artery flow phantom with a soft inclusion. The proposed method 
constitutes a significant step when compared with previous 
vascular phantoms we developed for ultrasound imaging [1 – 5]. 

Among carotid artery phantoms proposed in the literature for 
ultrasound applications, several rectilinear designs [6 - 9] where 
constructed. More realistic carotid bifurcation phantoms for 
fluidic in vitro studies have also been reported [10 - 12]. 
However, none of them have focused on designing a plaque 
having heterogeneous mechanical properties. 

The objective of this study was to develop a phantom 
including a realistic 3D carotid bifurcation with a mimicking 
vulnerable atherosclerotic plaque. The phantom was designed to 
include a soft inclusion and a mimicking fibrous cap with 
different elasticity. Details can be found in [13]. 

II. ANTHROPOMORPHIC PHANTOM DESIGN 

A. Mechanical properties 
The phantom features elastic properties similar to 

atherosclerosis arteries, and it was made to be compatible for 
ultrasound imaging. It was constructed with polyvinyl alcohol 
cryogel (PVA) experiencing different numbers of freeze-thaw 
cycles [14]. PVA is known to polymerize when it undergoes 
freezing and thawing cycles. The phantom characteristics 
included a severe stenosis, a wall and a fibrous cap with an 
elasticity of 342 kPa, and a soft inclusion with an elasticity of 17 
kPa. 

B. Phantom mold design 
To design the shape of the phantom, we started with an 

anthropomorphic carotid geometry based on a CT-scan 
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rendering [15]. This virtual geometry was modified to produce 
the lumen stem, which allowed to reproduce the lumen of the 
vessel phantom. The modification was inspired by the 
morphology of a vulnerable plaque to shape a severe stenosis 
into the lumen geometry at the bifurcation site. The goal was 
not to reproduce only the carotid shape and stenosis grade but 
also the elasticity of the plaque components. Thus, the mold 
was designed specifically to allow manufacturing a soft 
inclusion and a thin fibrous cap.  
 

As depicted in Fig. 1, the mold was made of 3 parts, namely 
2 halves of the outer mold (blue) and the Y shaped lumen stem 
that allowed producing the lumen of the phantom (white). All 
parts were 3D printed in ABS. In order to fabricate the soft 
inclusion, the outer mold was designed with a small plastic 
piece (shaped like a lemon seed, green part in Fig. 1) that kept 
the PVA from filling outside of the plaque compartment during 
the injection. This small piece was held in place in the void of 
the plaque compartment by a filling duct. The phantom was 
prepared with 2 consecutive PVA injections, the first injection 
allowed to produce the vessel wall and the fibrous cap, and the 
second was intended to form the softer inclusion. 
 

 
Fig. 1. Details of the designed mold for the manufacturing of an 
atherosclerotic carotid bifurcation phantom with a stenotic soft inclusion. In 
blue, one of the outer mold halve. In white, the lumen stem that shaped the 
lumen of the vessel. In green, the small inclusion plastic piece that formed a 
cavity into the phantom wall for the soft inclusion. 

C. Phantom manufacturing 
 

This section describes step by step the approach used to 
fabricate the vascular phantom. First, we position the lumen 
stem inside the outer mold. The 2 halves of the outer mold are 
then closed and sealed together with hot glue. A funnel allow 
pouring the PVA into the mold by an injection duct until the 
PVA overflow. The mold is then put in a programmable freezer 
to undergo 5 freeze and thaw cycles. Every cycle last 24 hours. 
After 5 cycles, the mold is opened by taking great care to leave 
the phantom in the back halve. With a scalpel, we then cut the 
casting duct that support the small plastic piece into the plaque 
compartment. At this stage, the plastic piece is trapped into the 
phantom wall. Thanks to the PVA gel deformability, we then 
remove it gently with tweezer. Then, we fill the plaque 

compartment with a 2nd injection of PVA and put the phantom 
into the freezer for a last freeze and thaw cycle. At this point, 
the lumen stem remains stock in the vessel phantom. To remove 
it, we break the stem at the weakest bifurcation stenotic site to 
gently remove each branch of the mimicking carotid artery. It 
is important to avoid tearing the wall with the sharp broken 
edges. More details on the fabrication process with supporting 
images can be found in [13]. 
 

III. IN VITRO RESULTS 

A. In vitro setup 
 

To test the performance of the vascular phantom in the 
context of non-invasive vascular elastography (NIVE) imaging 
[16], the mimicking carotid artery was introduced into a box 
filled with degassed water. The rigid box allowed to fix all 
extremities of the phantom to preserve its original shape. A 
pulsatile pump was used to circulate a blood mimicking fluid. 
Ultrasound images were acquired with a research scanner 
providing access to RF signals (SonixTouch, BK Medical, 
Peabody, MA, USA). 
 

B. Elasticity of plaque components  
 

Figure 2 shows the plaque component segmentation made 
manually on a phantom B-mode image, and the overlaid NIVE 
axial strain map obtained with the implementation described in 
[17]. One could see the phantom vessel wall, the lipidic 
inclusion and the fibrous cap showing different strain values.  

 
Fig. 2. B-mode and axial strain image of the atherosclerotic carotid bifurcation 
phantom. The manual segmentations of the plaque regions are also shown with 
the yellow overlay.  

All 3 regions of the plaque that were manually segmented 
in Fig. 2 were further considered to study locally the time-
varying behavior of the axial strain. Figure 3 shows the axial 
strain averaged over each plaque region over time during the 
pulsation of the fluid circulated by the pump. In this graph, we 
clearly see that the lipid pool (the green trace) sustains larger 
deformation over time than the stiffer wall and fibrous cap. This 
observation is relevant and means that the NIVE algorithm 
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allows to measure the elastic property of all plaque components 
including the small inclusion (10 × 5 × 3 mm). 

 
Fig. 3. Percentage of axial strain averaged over each plaque region and traced 
over time during the pump pulsation. 

 

IV. DISCUSSION AND CONCLUSION 
If PVA remains widely used for vascular phantom 

fabrication, the realism of the 3D shape and mechanical 
properties must continue to be improved. By introducing a 
manufacturing process able to reproduce a soft inclusion into 
the wall of a carotid bifurcation phantom, we could contribute 
to the development of new ultrasound vascular and tissue 
rheology methods. As an example, this phantom was recently 
used to assess the robustness of a NIVE algorithm in the context 
of out-of-plane motion artifacts [18]. Out-of-plane motions 
from 0 to 3 mm were studied and it was shown that 
displacements of 2 mm or less did not affect the strain and shear 
components of this vascular elastography method. 
 

In conclusion, in the context of an in vitro validation with 
the proposed vascular phantom, the results of this study are 
suggesting that the NIVE resolution is currently sufficient to 
discriminate between a plaque inclusion and the fibrous cap. It 
is believed that this manufacturing process will help phantom 
designers to produce more realistic 3D geometries with 
embedded inclusions, for a better match with technology 
validation needs. Another important contribution of this work 
is to provide to the scientific community a tool for validating 
fluid-structure ultrasound imaging technologies in the context 
of new developments in ultrafast high-resolution imaging. 
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